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Abstract 





The clustered protocadherins (Pcdh α, β & γ) provide individual neurons 
with cell surface diversity. However, the importance of Pcdh mediated diversity in 
neural circuit assembly and how it may promote neuronal connectivity remains 
largely unknown. Moreover, to date, Pcdh in vivo function has been studied at 
the level of individual gene clusters; whole cluster-wide function has not been 
addressed. Here I examine the role of all three Pcdh gene clusters in olfactory 
sensory neurons (OSNs); a neuronal type that expressed all three types of Pcdhs 
and in addition I address the role of Pcdh mediate diversity in their wiring. When 
OSNs share a dominant single Pcdh identity (α, β & γ) their axons fail to form 
distinct glomeruli, suggestive of inappropriate self-recognition of neighboring 
axons (loss of non-self-discrimination). By contrast, deletion of the entire α, β,γ 
Pcdh gene cluster, but not of each individual cluster alone, leads to loss of self-
recognition and self-avoidance thus, OSN axons fail to properly arborize. I 
conclude that Pcdh-expression is necessary for self-recognition in OSNs, 
whereas its diversity allows distinction between self and non-self. Both of these 
functions are required for OSNs to connect and assembly into functional circuits 
in the olfactory bulb. My results, also reveal neuron-type specific differences in 
	
the requirement of specific Pcdh gene clusters and demonstrate significant 
redundancy between Pcdh isoforms in the olfactory system.  
Collectively, my dissertation work provides for the first time significant 
genetic and functional evidence of the importance of single neuron diversity 
mediated by Pcdh isoforms in mammalian neural circuit assembly. Moreover, it 
shows for the first time that Pcdhα and Pcdhβ (beside Pcdhγ) gene clusters, in 
the context of the tri-cluster, are required for self-recognition and self-avoidance 
in OSNs. Finally, my work shows a clear functional redundancy between Pcdhα, 
Pcdhβ and Pcdhγ isoforms in the wiring of the olfactory system, which is a 
significant new insight into Pcdh function. It is likely that this redundancy may be 
a general feature of the Pcdh system in the nervous system and may explain the 
lack of obvious phenotypes in most neurons in which single Pcdh gene clusters 
have been deleted. 
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The ability of individual neurons to distinguish between self and non-self is 
a fundamental principle of neural circuit assembly in the developing brain. Self-
recognition is critically important in ensuring that neurites from the same neuron 
repel each other (Zipursky and Grueber, 2013). In addition, individual neurons 
must also distinguish between themselves and other neurons in order to share 
the same receptive fields, and engage in synaptic interactions (self vs non self-
recognition) (Kramer et al., 1985; Kramer and Stent, 1985); Zipursky and 
Greuber, 2013; Lefebvre et al., 2015). More recent studies have led to the 
proposal that these cell recognition properties result from the generation of 
enormous protein diversity at the cell surface of neurons. Like adhesion 
molecules, the proteins involved engage in highly specific homophilic 
interactions. However, rather than adhesion, these interactions determine 
whether neurons will avoid each other or will connect with each other. Thus, this 
discrimination depends on mechanism known as self-avoidance, which it was 
proposed in the 80’s to be important for patterning neural circuits (Zipursky and 
Grueber, 2013).  
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The discovery of the Down syndrome cell adhesion (Dscam1) locus in 
Drosophila (Schmucker et al., 2000), and the clustered protocadherin (Pcdh) loci 
in mammals (Wu and Maniatis, 1999) provided strong candidates as sources of 
neuronal single cell diversity. Both genomic families produce proteins with 
diverse extracellular domains and common cytoplasmic domains that could 
provide diverse recognition specificities to a vast array of different neuronal 
processes and convert these molecular interactions to a common intracellular 
output. 
In this chapter I review the Drosophila’s Dscam1 and mammalian’s 
clustered Pcdh gene family, and summarize what is known about their function in 
the nervous system. I will primarily focus on the clustered Pcdhs, describing what 
is known about their expression, biophysical and biochemical properties and their 
in vivo function. Finally, I will discuss the rationale for using the olfactory system 
to address the role of the clustered Pcdhs in self and non-self recognition during 
neural circuit formation.  
 
1.2 Historical perspective  
The concept of self-avoidance emerged more than  30 years ago from 
studies in the mechanosensory neurons of the medicinal leech, Hirudo 
medicinalis. Mapping of touch receptor cells, highly organized axonal receptive 
fields, revealed distinct types of boundaries created between their “self” and 
“non-self” neuronal processes (axons). It was proposed that a mechanism must  
exist to control the spatial arrangement of axons in which “a fiber might repel 
	
	 3	
other branches more strongly if they arise from the same cell than if they come 
from a homologue, and not at all if they come from a cell with a different 
modality”(Nicholls and Baylor, 1968; Yau, 1976a, b). 
 Kramer and Stent provided the first experimental support for self-recognition 
and avoidance between branches of the same cell. They studying a large 
mechanoreceptor neuron that extends elaborate axonal branches uniformly 
innervating neighboring regions in the same spatial plane in leech’s skin. The 
branches within each segment did not overlap (cross) with one another, nor did 
they overlap with axons from the same neuron in the adjacent segment 
(Figure1.1). Kramer and Stent coined this phenomenon as “self-avoidance”, 
describing a developmental mechanism which ensures that individual axons 
selective recognize and avoid axonal arbors from the same neuron (“sister” 
neurites). They hypothesized that self-avoidance would require that processes 
projected from a neuron would be able to distinguish between self and non-self; 
and that self-recognition in these mechanoreceptor neurons could be mediated 
by their numerous filopodia which appeared to make numerous contacts. The 
authors envisioned that self-avoidance is a “patterning mechanism” for all kinds 
of neuronal processes, in the peripheral and central nervous systems of both in 
vertebrates and invertebrates (Kramer and Kuwada, 1983; Kramer and Stent, 
1985). The notion was “self-avoidance is required for even spreading of dendritic 
and axonal arbors across a certain territory, and the ability to of non self-
discrimination would permit the co-existence of neurites from different neurons 




1.3 The molecular basis of self and non self recognition 
The fact that neuronal processes are capable of discriminating between self and 
non self, led to the idea that there must be identification mechanism capable of 
generating distinct molecular identities that could tag individual neurons; a sort of 
a “barcode” system for each neuron that engages in circuits during development. 
Thus functional single cell diversity requires the differential expression of 
molecules (localized at the cell surface – with the capability of signaling) at the 
level of individual neurons. In turn, this molecular diversity must affect the pattern 
of connections made by these cells. Importantly, this hypothesis predicts that 
diversity itself is functional; so substantially reducing the available diversity 
should disrupt this mechanism and disrupt neuronal development (please see the 
results section). 
During the 90s a number of cell surface molecules were shown to be 
differentially expressed in neurons, giving them distinct molecular identities. 
Among these were classical and type II cadherins (Takeichi, 2007), the neurexins 
and neuroligins (Sudhof, 2008), and the olfactory receptors (Buck and Axel, 
1991). Although we now know that all of these proteins regulate important 
aspects of neural development and neuronal connectivity, their expression and/or 
function did not fulfill all the criteria as regulators of neuronal self /non self-
recognition and self-avoidance.  
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Over the past few years, two families, the Dscam1 in Drosophila and the 
clustered protocadherins (Pcdhs) in mammals, have emerged as the only 
candidates for mediating single neuron diversity. In both cases, these families 
can encode large sets of different proteins that are expressed in combinatorial 
patterns by individual neurons, can engage in homophilic interactions, and have 
important roles in the development of the nervous system.  
 
1.3.1 Drosophila Dscam1 
Stochastic alternative splicing of the Dscam1 gene in Drosophila 
melanogaster generates single cell diversity. Dscam1 encodes the Dscam 1 
protein, which is a transmembrane immunoglobulin family protein. Three of the 
Dscam extracellular immunoglobulin domains are subject to extensive alternative 
splicing. This alternative splicing could generate up to 19,008 different splice 
forms, each encoding a different version of the extracellular region of the protein 
(Schmucker et al., 2000). In vitro assays have demonstrated strictly homophilic 
binding between Dscam proteins isofroms (Wojtowicz et al., 2004; Wojtowicz et 
al., 2007). When Dscam1 transcripts were cloned from specific populations of 
neurons many different splice forms were identified and only rarely was a splice 
form detected more than once (Hummel et al., 2003; Schmucker et al., 2000; 
Zhan et al., 2004). This observation suggested that many or all of the 19,008 
different splice forms are expressed. However, individual neurons were 
estimated to express 10-50 different splice forms, in different combinations 
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(Miura et al., 2013; Zhan et al., 2004). Thus the differential expression of Dscam1 
alternative splice forms generates single cell diversity that could give each 
neuron a unique identity encoded by these cell surface proteins. 
Dscam1 is essential for development of the Drosophila nervous system. 
Mutation of Dscam1 is lethal in the larval stage of development. Experiments in 
larvae and flies with mutations targeting specific populations of neurons identified 
defects in targeting and in neuronal branching. In addition, it was shown that 
individual neurons required Dscam; Mosaic Analysis with a Repressible Cell 
Marker (MARCM) (Lee and Luo, 1999) analysis in flies bearing deletion or 
mutations of Dscam1 in a single neuron resulted in dendritic and axonal 
arborization collapse (Figure1.2) (He et al., 2014; Hughes et al., 2007; Hummel 
et al., 2003; Matthews et al., 2007; Schmucker et al., 2000; Shonubi et al., 2015; 
Soba et al., 2007; Wang et al., 2004; Wang et al., 2002a; Zhan et al., 2004; Zhu 
et al., 2006). Restoring Dscam1 signaling by introducing one or more isoforms in 
a single Dscam1 null neuron was sufficient to rescue the branch collapsing 
phenotype, providing strong evidence that Dscam1 is required for self recognition 
and subsequently for self-avoidance (He et al., 2014; Hughes et al., 2007; 
Matthews et al., 2007; Soba et al., 2007). It was shown that homophilic 
interactions between Dscam1 isoforms on opposing surfaces of neurites of the 
same neuron are necessary for self-avoidance (Wu et al., 2012). However, this 
molecular interaction, instead of being adhesive, results in repulsion; and as a 
consequence neurites avoid each other. Although is still unknown how 
homophilic interaction between Dscam1 isoforms result in repulsion, it appears 
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that the intracellular domain of Dscam1is required (Matthews et al., 2007). 
Analysis of mutants in which subsets of the 19,008 different splice forms 
were eliminated, revealed that individual splice forms do not have unique, 
specific functions (Hattori et al., 2009) in the tissues they examined. In contrast, 
diversity is highly critical at the population level. Eliminating diversity by forcing 
expression of one Dscam isoform in every neuron impeded normal circuit 
formation (Hattori et al., 2007). In such an extreme scenario each neuron 
inappropriately recognizes other neurons as self, and this in turn results in 
contact-dependent repulsion, or self-avoidance between neurites from separate 
neurons. Not surprisingly, this is detrimental for neuronal connectivity. Analysis of 
a series of mutants in which Dscam diversity was systematically reduced 
demonstrated that thousands of Dscam1 alternative splice variants are 
necessary for normal neural development (Hattori et al., 2009). These findings 
indicated that the neuronal diversity generated by differential expression of 
Dscam isoforms is critical for the establishment neural circuits in Drosophila and 
highlighted the previously overlooked role of non self-recognition as a 
requirement for different neurons to coexist and share the same receptive field 
(Figure1.2).  
 
1.4 Protocadherins  
Cadherin superfamily proteins have one or more extracellular cadherin 
ectodomains (Takeichi, 2007). Members of the classical cadherin and 
desmosomal cadherin subfamilies are single pass transmembrane proteins that 
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have 5 ectodomains. In these subfamilies, cadherin ectodomains mediate 
calcium-dependent homophilic binding, both in cis (within the same cell) and 
trans (between cells). Protocadherins (Pcdh) are loosely defined as all cadherin 
superfamily proteins that are not classical or desmosomal cadherins. Mammalian 
genomes encode over 70 Pcdh proteins (Morishita and Yagi, 2007). Over 50 of 
these Pcdh are members of the clustered protocadherin subfamily primarily 
found in the verterbrate nervous system. The differential expression of clustered 
protocadherins has led to the notion that this gene family may provide the 
molecular code for single cell diversity throughout mammalian neurons. The 
following sections will provide an overview of the clustered protocadherins, 
focusing on their expression and regulation, biophysical / biochemical properties 
and in vivo function. 
 
1.5 The clustered protocadherins   
A two-hybrid screen for Fyn (tyrosine specific phosphotransferase - a 
member of the Src family of tyrosine protein kinases) interacting proteins in a 
mouse brain cDNA library identified a type-I single pass transmembrane protein 
with 6 extracellular cadherin ectodomains (Kohmura et al., 1998). Subsequent 
hybridization and PCR cloning experiments identified 7 additional CNRs (CNR2-
CNR8). All 8 CNRs were shown to be present in the mouse nervous system. All 
8 displayed similar domain structure: 6 extracellular cadherin ectodomains, a 
transmembrane region, and a cytoplasmic domain. Strikingly, the cytoplasmic 
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domain of each CNR was identical. These two features: the variable extracellular 
part and the constant intracellular domain, led to the hypothesis that CNRs could 
mediate and intergrade diverse extracellular signals to a common intracellular 
signaling pathway (Kohmura et al., 1998).  
 
1.5.1 The clustered Protocadherin genomic locus 
As it turns out, CNRs were actually discovered few years before, when 
Sano et al., used degenerate PCR as a way to search for new members of the 
cadherin family (Sano et al., 1993). These genes encoded cadherin like proteins 
and some of them were found in both vertebrates and invertebrates, hence Sano 
et al., suggested that they could be part of ancient cadherin family. The authors 
named them "Protocadherins" as the "first cadherins".  Wu and Maniatis explored 
the genomic organization of Pcdhs and discovered a large cluster (over 1 million 
BPs) containing more than 50 Pcdh genes in both the human and mouse 
genomes (Wu and Maniatis, 1999; Wu et al., 2001). Thus these Pcdh members 
were dubbed as clustered Pcdhs.  
The clustered Pcdhs are tandemly arranged genes and they were grouped 
into 3 clusters based on sequence similarity, named Pcdhα, Pcdhβ, and Pcdhγ 
(Figure 1.3). The CNRs were shown to be subset of the Pcdhα cluster isoforms, 
and other previously identified protocadherin proteins were mapped to the Pcdhβ 
and Pcdhγ clusters. Surprisingly, two non-Pcdh genes are found between Pcdhβ 
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and Pcdhγ clusters: slc25a2, which is highly similar to a mitochondrial ornithine 
transporter, and Taf7, an essential component of the TFIID complex. In addition, 
two potential coding genes AK150172 and AK149307 which are also located 
between the Pcdhβ and Pcdhγ clusters. 
Within each cluster, each Pcdh isoform is named sequentially from 5’ to 3’ 
(e.g. Pcdhα1, Pcdhα2, Pcdhα3, etc.) (Wu and Maniatis, 1999). The Pcdhγ 
isoforms were further subdivided into groups by sequence similarity. Each 
subgroup is numbered independently and the subgroup is indicated by a letter (a 
or b) before the isoform number (e.g. Pcdhγa1, Pcdhγb1, Pcdhγa2, etc.) (Wu and 
Maniatis, 1999). In summary, a single locus encodes over 50 clustered 
protocadherin genes that are grouped into 3 clusters. 
The Pcdhα and Pcdhγ clusters contain an additional subclass of Pcdh 
isoforms named the c-type (Pcdhαc1, Pcdhαc2, Pcdhγc3, Pcdhγc4, and 
Pcdhγc5). The c-type isoforms are located at the 3’ end of each cluster; Pcdhαc1 
and Pcdhαc2 are the 2 most 3’ Pcdhα variable region exons, and Pcdhγc3, 
Pcdhγc4, and Pcdhγc5 are 3 most 3’ Pcdhγ isoforms (Figure 1.3). These 
isoforms are expressed differently from the other clustered protocadherins 




1.5.2 Evolutionary conservation of clustered protocadherins 
The diversity and genetic structure of the clustered protocadherins are 
highly conserved among vertebrates, but individual isoforms are not. Most 
human protocadherin isoforms are orthologous to the mouse isoforms in the 
corresponding position (Wu et al., 2001). However, in both species individual 
isoforms have been lost or become relics from each cluster, and isoform 
duplications have occurred in the Pcdhα and Pcdhβ gene clusters (Noonan et al., 
2004b; Wu et al., 2001). Additionally, all three clusters also show signs of gene 
conversion between parts of the variable region exons (Noonan et al., 2004b). 
Analysis of clustered protocadherins in other species also suggests that 
the existence of a diverse set if isoforms is conserved, however individual 
isoforms are not. Forty-nine clustered Pcdh isoforms are found in coelacanth, 
which, together with lungfish, are the closest living relative of all tetrapods (four-
limbed vertebrates) (Noonan et al., 2004a). These 49 isoforms are grouped into 
Pcdhα, Pcdhβ, and Pcdhγ clusters with the same genetic structure found in 
mouse and human. However, these isoforms are not orthologous to the 
mammalian isoforms, with the c-type isoforms being an exception to this; 
Pcdhαc2, Pcdhγc3, Pcdhγc4, and Pcdhγc5 all have orthologues in coelacanth, 
and Pcdhαc1 is homologous to a paralog group of 6 coelacanth Pcdhα isoforms 
(Noonan et al., 2004a). Large Pcdhα and Pcdhγ clusters are also found in the 
fugu and zebrafish genomes, although the Pcdhβ cluster is absent (Noonan et 
al., 2004a; Tada et al., 2004; Yu et al., 2008).  
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Remarkably, additional clusters of protocadherin genes are found in non-
mammalian genomes. For instance, Pcdhδ locus is found upstream of the Pcdhα 
cluster in coelacanth, fugu, zebrafish, and anole lizard (Jiang et al., 2009; Yu et 
al., 2008). In each case, there is only a single Pcdhδ gene isoform, but it is 
spliced to 3 constant 24 exons like Pcdhα and Pcdhγ. Interestingly, this Pcdhδ 
isoform is related to the c-type cluster isoforms. More distantly, 47 clustered 
protocadherin isoforms are found in elephant shark, a cartilaginous fish that last 
shared an ancestor with bony fish and tetrapods approximately 450 million years 
ago (Yu et al., 2008). These 47 isoforms are grouped into 4 clusters: a Pcdhδ 
cluster 3 additional clusters named Pcdhε Pcdhμ and Pcdhν. Nonetheless, even 
though they are not orthologous to Pcdhα, Pcdhβ, and Pcdhγ they have similar 
genomic organizations (Yu et al., 2008).  
Until recently, protocadherins were thought to be a vertebrate innovation. 
While they are absent from the genomes of the ecdysozoan model organisms D. 
melanogaster and C. elegans, solitary protocadherins have been identified in A. 
californica and N. vectensis, indicating that this family predates the Bilateria 
(Hulpiau and van Roy, 2011). While this gene was apparently lost in the lineage 
leading to the Ecdysozoa, Albertin et al., reported the presence of substantial 
number of Pcdhs in lophotrochozoan genomes. In particular, their expansion in 
cephalopods is striking. The authors identified 168 Pcdhs in the Octopus 
genome, more than twice the number found in mammals, with many of them 
arranged in clusters in the genome, displaying again a similar genomic structure 
that is found in vertebrates Pcdhβ (Albertin et al., 2015). Taken together, these 
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findings demonstrate that clustered protocadherin diversity and genetic structure 
are highly conserved among species although the conservation of individual 
isoforms is limited. In addition, recent evidence suggests that Pcdh appeared 
very early in the animal kingdom with their expansion and nervous system 
enrichment in cephalopods and vertebrates being an example of convergent 
evolution at the molecular level. 
 
1.6 Transcription of clustered protocadherins  
 The unique genomic organization of the human protocadherin genes led 
Wu and Maniatis to envision 4 potential basic mechanisms of how these genes 
could be expressed. The first two mechanisms involved alternative splicing. In 
the first model, a single long transcript is transcribed, and individual variable 
exons are spliced to the first constant exon. This model necessitates a common 
5′ noncoding leader exon that can joined to each variable region exon and a 3′ 
splice site upstream from each variable region coding sequence.  
In the second model, each of the variable exons have their own promoter, 
so that each transcript is starts from a promoter of a variable exon and extends 
through all of the downstream variable and constant region sequences. In order 
to produce a functional mRNA, the 5′-most exon has to be spliced to the constant 
region exons. This model posits the presence of promoter sequences upstream 
from each variable exons and the absence of 3′ splice sites upstream from each 
of these sequences. Thus, individual variable region exons are chosen to be 
transcribed by cell-specific promoter activation, followed by regulated alternative 
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splicing. This model also predicts the presence of a molecular mechanism to 
avoid all of the downstream 5′ splice sites that are located between the first 
variable region sequence and the constant region exons. 
In the third model, both the variable and constant region exons are 
transcribed from a different promoter, producing transcripts that can be then 
trans-spliced to generate the mature mRNA.  
In the fourth model, an immunoglobulin-like DNA rearrangement occurs 
within each gene cluster, physically attaching a specific variable region sequence 
within close proximity of the first constant region exon. In order to produce the 
individual mRNAs the relatively small transcript would then have to be spliced in 
cis. In this case, DNA rearrangement would determine which Pcdh gene will be 
expressed. This model was suggested based on the striking similarity between 
the genomic organization of immunoglobulin and T cell receptor gene clusters 
and the clustered Pcdhs (Wu et al., 2001).  
 
1.6.1 Promoter choice and alternative splicing determines Pcdh expression 
Early studies ruled out the presence of somatic cell DNA rearrangement 
guiding the expression of Pcdhs (Tasic et al., 2002). Remarkably it was found 
that transcription of each variable region exon initiates at a site approximately 
150 to 250 base pair (bp) upstream of the translation initiation site, providing 
strong evidence for the presence of a promoter preceding each variable exon 
(Tasic et al., 2002) (figure 3). A conserved sequence element (CSE), which 
turned out to be a  crucial promoter motif (Monahan et al., 2012; Tasic et al., 
	
	15	
2002), was discovered immediately upstream of the transcriptional start site of 
most variable exons from all three Pcdh gene clusters (α, β, γ) (Wu et al., 2001). 
In addition, the majority of pre-mRNA was found to be cis-spliced between 
variable and constant exons, although pre-mRNA trans-splicing was detected at 
low levels  
Therefore, the detailed characterization of Pcdhα (Tasic et al., 2002) and 
Pcdhγ (Wang et al., 2002b) gene expression revealed that selective transcription 
of Pcdh isoforms is generated by promoter choice followed by alternative pre-
mRNA cis-splicing (Figure 1.4).  
 
1.6.2 Differential and combinatorial expression in single neurons 
Because of their unique genomic organization and expression, it was 
hypothesized that the clustered Pcdhs could act as a source of molecular 
diversity among Individual neurons, simply by having each neuron expressing 
different subsets of Pcdhα Pcdhβ and Pcdhγ isoforms. FISH experiments using 
probes complementary to the Pcdhα or Pcdhγ constant region showed that every 
Purkinje neuron expresses both Pcdhα and Pcdhγ transcripts (Esumi et al., 2005; 
Frank et al., 2005; Kaneko et al., 2006). Probes specific for the c-type isoforms 
Pcdhαc1, Pcdhαc2, and Pcdhγc3 also stain every Purkinje neuron. However, 
probes specific for individual, non-c-type, Pcdhα or Pcdhγ isoforms stained only 
subsets of Purkinje neurons. Despite all the limitations of in situ hybridizations to 
distinguish between different Pcdh variable isoforms, authors suggested that 
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individual neurons may express different subsets of non-c-type Pcdhα and Pcdhγ 
isoforms.    
To test this hypothesis, single-cell RT-PCR experiments were performed 
in Purkinje neurons, taking advantage their large cell bodies which renders them 
easier to isolate single cells and the fact they express relatively higher levels of 
Pcdhs transcripts. C57BL/6 mice were crossed with a wild mouse strain, and 
single Purkinje cells where isolated from the F1 generation to analyze their Pcdh 
repertoire (Esumi et al., 2005; Kaneko et al., 2006). The authors observed 
biallelic expression of the Pcdhα and Pcdhγ C-type isoforms in nearly every cell. 
In contrast, most cells expressed only 2 or 3 non-C-type Pcdhα isoforms. SNP 
analysis demonstrated that the maternal and paternal copies of the cluster each 
expressed 1-2 non-c-type isoforms. The maternal and paternal copies usually 
expressed different isoforms, but at low frequency (10-30% of cells) both alleles 
expressed the same isoform. Further, individual Purkinje neurons expressed 
different combinations of non-c-type isoforms. The authors suggest that each 
copy of the Pcdhα cluster randomly and independently, chooses 1-2 non-C-type 
isoforms for expression. This random choice usually results in each copy of the 
cluster expressing different isoforms, so these isoforms are expressed 
monoallelically. However, both alleles can choose the same isoform(s). A similar 
analysis was performed on 4 of the 19 non-c-type Pcdhγ isoforms (Kaneko et al., 
2006). Like in the case of Pcdhα, each isoform was usually monoallelically 
expressed and different isoforms were observed in different subsets of cells. The 
fraction of cells in which these isoforms were detected suggests that 2-3 non-C-
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type Pcdhγ isoforms are also expressed per cell. Finally, Hirano et al., asked 
whether the Pcdhβ cluster also contributes to single-neuron diversity. To achieve 
this the authors adapted their single-cell RT-PCR method previously used to 
detect Pcdhα and Pcdhγ transcripts, to 3_-RACE. They focus their analysis on 6 
out of 22 Pcdhβ isoforms, showing that Pcdhβ cluster genes are also expressed 
mostly monoallelically in Purkinje neurons, estimating that at least two Pcdhβ 
isoforms would be expressed by any given Purkinje cell (Hirano et al., 2012). 
If this model applies in other neuronal types as well, these findings 
suggest that individual neurons randomly choose 1-2 non-c-type Pcdhα, 1-2 type 
of Pcdhβ and 1-2 non-c-type Pcdhγ isoforms from each allele. I will refer to these 
non-c-type isoforms as “alternate isoforms”. Independent and random choice of 
alternate isoforms on each allele and in each cell generates single cell 
combinatorial diversity. If each allele chooses 1 alternate isoform from the each 
of the Pcdh clusters, this mechanism alone could generate 3.4 million different 
combinations of isoforms. The calculation of the number of possible 
combinations in each allele is represented as	 "# , where n is the number of total 
isoforms, and k is the number expressed in a cell, calculated by a formula of n!/(n 
− k)!k! (Yagi, 2012). However,  the number of combinations with repetition from 
both alleles, is	 %&'()'  , where m is the number of permutations from each 
allele, and 2 is the number of alleles (Yagi, 2012). 
It is important to note that at this time, olfactory neurons are the only other 
neuronal cell type, besides Purkinje neurons, that have been subjected to single 




1.7 Regulation of clustered Protocadherins. 
 
1.7.1 CpG methylation of clustered protocadherins 
CpG methylation regulates Pcdh expression. In cell lines, inactive Pcdhα 
and Pcdhγ promoters have higher levels of CpG methylation than do active 
promoters (Dallosso et al., 2009; Kawaguchi et al., 2008; Tasic et al., 2002). CpG 
methylation was shown to weaken Pcdhα promoter activity in luciferases reporter 
assays (Kawaguchi et al., 2008). Not surprisingly, when cell lines that express 
specific subsets of Pcdh isoforms were treated with an inhibitor of CpG 
methylation, 5-azacytidine, the previously silent isoforms become 
transcriptionally active (Dallosso et al., 2009; Kawaguchi et al., 2008).  
The correlation between methylation and inactive alternative isoform 
promoters has also been also reported in vivo. A mixture of CpG methylation 
states was observed in samples taken from the cerebral cortex and in Purkinje 
neurons (Kawaguchi et al., 2008; Toyoda et al., 2014). In contrast, the promoters 
of Pcdhα c-type isoforms, which are always active, were hypomethylated. 
Interestingly, Toyoda et al. reported that methylation of the promoter regions of 
alternative Pcdhα isoforms were gradually increased in whole embryos through 
E9.5, whereas those of PcdhαC1 and PcdhαC2 were demethylated and/or 
maintained in a hypomethylated state, indicating that de novo methylation starts 
early in development. In addition, analyses of mice in which Pcdhα11- Pcdh C2 
isoforms were deleted, showed that the promoter of Pcdhα10 was 
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hypomethylated (Toyoda et al., 2014). Remarkably, Pcdhα10 was expressed 
biallelically in these deletion mice (Noguchi et al., 2009; Toyoda et al., 2014). 
Taken together, these findings suggest that CpG methylation is characteristic of 
silent Pcdh promoters and that methylation may be critical in maintaining Pcdh 
promoters in an inactive state.  An interesting unanswered question is the 
temporal relationship between methylation and promoter choice. That is, does 
random methylation determine which promoter is capable of being activated, or 
does promoter choice occur on unmethylated promoters followed by methylation 
of inactive promoters as a means of establishing a stable off state. 
 
1.7.2 Long range cis-regulatory elements in the Pcdh gene clusters  
Two long range regulatory elements with enhancer activity have been 
identified in the Pcdhα gene cluster. Conserved non-coding regions of the Pcdhα 
cluster were screened using DNaseI hypersensitivity assays. DNaseI sensitivity 
is increased in regions where nucleosomes have been displaced, and 
hypersensitive sites correlate with the binding of proteins to functional elements 
(Boyle et al., 2008). When chromatin from a Pcdhα expressing neuroblastoma 
cell line (Neuro2a) was assayed, 15 conserved non-coding hypersensitive (HS) 
sites were found in and around the Pcdhα cluster (Ribich et al., 2006). Of the 15 
HS sites, two elements, HS7 and HS5-1, showed enhancer activity when cloned 
into reporter vectors and assayed by transfection into Neuro2a cells. The activity 
of HS7 and HS5-1 was assayed in vivo by inserting each of these putative 
enhancer elements downstream of a LacZ reporter gene. Both reporters 
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generated nervous system-specific expression that mimicked the pattern of 
expression of Pcdhα genes (Ribich et al., 2006). Genetic deletion of HS5-1 in 
mice decreased the expression of Pcdhα isoforms with a CSE in its promoter: a 
subset of the alternative isoforms, and Pcdhαc1 (Kehayova et al., 2011; Ribich et 
al., 2006; Yokota et al., 2011) in vivo. However, expression of Pcdhαc2 was not 
affected. Interestingly, loss of the HS5-1 enhancer resulted in a significant 
increase of Pcdhα expression in kidney and glial cells, indicating that it can act as 
a transcriptional silencer of Pcdhα gene expression in non-neuronal cells 
(Kehayova et al., 2011). Deletion of HS7 enhancer also decreased the 
expression of Pcdhα Isoforms, including the Pcdhαc2, in a number of different of 
brain tissues (Kehayova et al., 2011).  
These findings suggested that HS5-1 and HS7 enhancers are both 
required for the normal expression of Pcdhα genes. However, the differential 
response of each of the Pcdhα isoforms to each enhancer deletion clearly 
indicates that additional enhancers are likely to be required for maximum levels 
of transcription. In addition, HS5-1 element besides being required for the 
expression of the Pcdha genes in neurons, can negatively affect their expression 
in non-neuronal cells.   
Yokota et al, using a similar approach identified a Pcdhβ cluster control 
region (CCR) containing six HS sites (HS16, 17, 17′, 18, 19, and 20) downstream 
of the Pcdhγ cluster in mouse neuroblastoma C1300 and M3 cells, which 
express Pcdhβ and Pcdhγ isoforms. Using luciferase assays and LacZ reporter 
mouse lines the authors showed that HS19–20 elements had enhancer activity in 
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vitro and in vivo. Deletion of CCR (HS16–20) dramatically decreased expression 
of all Pcdhβ genes (β2 –β22). These results suggest that these six HS sites 
function primarily as a regulatory unit for the Pcdhβ genes. Putative enhancer 
elements HS5-1aL, HS5-1bL and HS7L) have been identified in the Pcdhγ 
cluster (Guo et al., 2012). Although they have not been tested directly, given their 
positions and sequence similarity to the HS5-1 and HS7 elements it is likely that 
they function as enhancers for the Pcdhγ gene cluster.  
These observations support the idea that each Pcdh cluster is regulated 
by distinct regulatory elements that act independently, likely involving a complex 
network of enhancer-promoter interactions. These elements are scattered 
throughout of the Pcdh cluster, highlighting the intricacy of the system to 
stochastically activate and maintain the transcription of a unique repertoire of 
Pcdhs in each neuron. 
 
1.7.3 Protein Factors involved in the regulation of clustered Protocadherins  
 
 A) CTCF/Cohesin 
Detailed characterization of both mouse  and human  neuroblastoma cell 
lines revealed a direct correlation between transcriptional activity and binding of 
the CTCF (CCCTC binding factor)/cohesin (the subunit Rad21) to the active 
promoters and enhancers of Pcdhα genes (Guo et al., 2012). Further analyses 
using the chromatin immunoprecipitation (CHIP) followed by sequencing (ChIP-
Seq) experiments revealed that the CTCF/cohesin complex binds to the CSE of 
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each of the active alternate Pcdha gene as well as to a second conserved site 
within the variable exon. Remarkably, with binding of the insulator protein 
CCCTC-binding factor (CTCF) and the cohesin complex also binds to two sites in 
the HS5-1 enhancer (HS5-1a and HS5-1b) which correlates the enhancer activity 
of HS5-1 to target Pcdhα prompters (Kehayova et al., 2011) (Figure 1.4). Of the 
two constitutively expressed C-type genes, the CTCF/cohesin complex binds to 
the CSE of PcdhaC1 promoter (PcdhaC2 does not have a CSE at all). 
PcdhaC1lacks the exonic CTCF-binding site (Monahan et al., 2012). By contrast, 
Pcdhac2 promoter has no CSE motif and thus only cohesin bind to it. The same 
applys for the HS7 enhancer. The dependence on, and  the specificity of CTCF 
and cohesin binding in the regulation of Pcdh gene expression were shown both 
in vitro and vivo by CTCF and cohesin knockdown experiments in neuroblastoma 
cells (Golan-Mashiach et al., 2011; Guo et al., 2012; Monahan et al., 2012), as 
well as in CTCF and cohesin subunit conditional KO animals (Kawauchi et al., 
2009; Hirayama et al., 2012; Remeseiro et al., 2012). Specifically knocking down 
of CTCF in neuroblastoma cells resulted in the downregulation of alternative 
Pcdhα isoforms assayed. Interestingly Rad21 knock down significantly reduced 
the expression of Pcdhαc1 and Pcdhαc2, which were unaffected in the CTCF 
knockdowns. Similar results were obtained from cortical and hippocampal 
neurons among mice in which the CTCF was conditionally ablated (Hirayama et 
al., 2012). Hirayama et al, also reported the downregulation of the Pcdhβ and 
Pcdhγ transcripts in the absence of CTCF, which highlights CTCF requirements 
for the expression of all three Pcdh gene clusters in neuronal cells. 
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Based on these studies on CTCF and cohesin function in gene regulation 
(Guo et al., 2011; Ong and Corces, 2014), Monahan et al., proposed that 
CTCF/cohesin binding creates a three-dimensional interaction network between 
Pcdhα enhancers and promoters that is required for promoter choice of the 
alternate Pcdhα isoforms, and the simultaneous biallelic expression of Pcdhα C-
types (Pcdhαc1 and Pcdhαc2). Subsequently, Guo et al., used Chromosome 
conformation capture (3C) assays and the human diploid neuroblastoma cell line 
SK-N-SH to study the role of DNA looping in Pcdh gene expression.  SΚ-N-SH 
stably express a specific set of alternative Pcdh isoforms (Pcdhα4, Pcdhα8 and 
Pcdhα12) and both the C-type (Pcdhαc1 and Pcdhαc2). While these cell lines are 
not suitable for investigating the process by which promoter choice occurs, they 
are ideal for examining the relationship between both active and silent promoters 
with the enhancers, and how these interactions effect Pcdh transcription. The 
authors showed that both the HS5-1 and HS7 enhancers directly interact with 
active promoters through long-range DNA looping. DNA looping at Pcdhα 
promoters requires, CTCF/cohesin complex binding in two symmetrically aligned 
sites at both the transcriptionally active promoters and the HS5-1 enhancer.  In 
addition, a unique regulatory role for cohesin was identified in this study, which 
binds to HS7 independently of CTCF (Guo et al., 2011).  
Interestingly, the convergent on opposite strands orientation of CTCF-
binding motifs between Pcdhα promoters and the enhancer HS5-1 appears to be 
crucial. In a recent study the CRISPR-Cas9 genome editing system was used to 
invert the CTCF binding sites in HS5-1, switching their orientation (Guo et al., 
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2015). Guo et al used circularized chromosome conformation Capture (4C) to 
show that the inverted CTCF binding sites had an inverted interaction bias, which 
in turn argued for a causal relationship between DNA binding site orientation and 
the direction of looping. Furthermore, the change in looping directionality was 
accompanied by changes in transcription of Pcdhs, indicating a functional role for 
the CTCF-mediated interactions in regulating their expression (Guo et al., 2015).   
On the basis of these observations, it was proposed that interactions 
between the two enhancers and multiple Pcdhα promoters are the consequence 
of the formation of a large transcriptional hub (Figure 1.5). In this model, the 
binding of RNAPII and Rad21 to the promoter of the presumably ubiquitous 
expressed Pcdhαc2, results in constitutive activation. However, promoter choices 
are determined through recruiting of CTCF/cohesin to the CSEs of Pcdhα4, 
Pcdhα8, Pcdhα12 and Pcdhαc1 (Figure 1.5). This arrangement provides a 
possible mechanism of how the stochastic, monoallelic expression of alternate 
Pcdh isoforms, as well as the constitutive, biallelic expression of C-type isoforms 
can be achieved in the same cell.  
Interestingly, the Pcdhβ cluster control region (HS16-20) that regulates 
Pcdhβ cluster expression also binds to the CTCF/cohesin complex (Monahan et 
al., 2012 (Guo et al., 2015)). These observations suggest that similar 
mechanisms are likely to be involved in the expression of all three Pcdh gene 





 The deletion of HS5-1 element in mice led to 20- to 30-fold increase in the 
expression of a subset of Pcdhα genes in kidney cells and cultured glia. As 
mentioned previously (in 1.6.2 section) this observation suggested that HS5-1 
serve a dual function as a Pcdhα enhancer in neuronal tissues and as a Pcdhα 
repressor in non neuronal tissues (Kehayova et al., 2011). Interestingly 
Kehayova et al., showed that this silencing activity depends on the binding of the 
RE1 silencing transcription factor (REST, also known as NRSF) repressor 
complex. On the basis of these observations the authors proposed that in non 
neuronal cells HS5-1 REST/ NRSF binds to HS5-1, leading to the repression of 
Pcdhα isoforms (Kehayova et al., 2011). However, the exact mechanism by 
which the RET/NRSF complex acts as a repressor in the Pcdh gene cluster or in 
many other genes has yet to be determined. 
 
 C) Dnmt3b 
The presence of de novo CpG methylation in alternative Pcdhα promoters 
during Development lead Toyoda et al., to ask whether DNA (cytosine-5-)-
methyltransferase 3 (Dnmt 3a and Dnmt3b) are required for such a process. 
Analysis of Dnmt3a-KO and Dnmt3b-KO embryos at E9.5. showed that Dnmt3b 
is responsible for the de novo methylation of the Pcdhα promoter regions. 
Interestingly when the authors performed single cell RT-QPCR analyses on 
isolated Dnmt3b-KO Purkinje cells they found an increase frequency of the 
stochastically expressed Pcdhα and Pcdhγ isoforms. However, their overall 
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expression level remained the same. These data led to the authors to propose 
that the Dnmt3b-mediated DNA methylation regulates the probability of 
expression of each Pcdh isoforms stochastically in single neurons, but in contrast 
to CTCF/cohesin or to the cis-refulatories elements, it is not responsible for the 
overall expression of the Pcdhα and Pcdhγ genes.  
 
1.8 Expression of clustered Protocadherins  
 
Pcdhα and Pcdhγ isoforms are broadly expressed across neuronal cell-
types and regions of the central and peripheral nervous system (CNS) and (PNS) 
(Frank et al., 2005; Hasegawa et al., 2008; Kallenbach et al., 2003; Kohmura et 
al., 1998; Lefebvre et al., 2008; Prasad et al., 2008; Wang et al., 2002b; Wang et 
al., 2002c; Zou et al., 2007). However, relatively little is known about the 
expression of individual Pcdhα and Pcdhγ isoforms, mainly because of the very 
high sequence similarity between isoforms, which makes it extremely difficult to 
design gene specific RNA probes or antibodies. Investigation of the expression of 
individual Pcdhβ isoforms, which lack constant exons, has been limited also, due 
to the same reason. It is important to note that several groups have reported 
experiments with isoform-specific antibodies (Johnson and Leon, 2000; 
Junghans et al., 2008; Li et al., 2010; Puller and Haverkamp, 2011). However, 
antibody cross-reactivity with other clustered Pcdh isoforms has not been 




1.8.1 Expression of Pcdhα 
In whole brain, Pcdhα cluster transcripts are detectable from at least 
embryonic day 11 (E11), and the level of transcript increases, peaking at 
between post-natal day 1 (P1) and day 10 (P10) (Kohmura et al., 1998). 
Transcript levels subsequently decrease slightly then remain stable throughout 
adulthood. ISH against Pcdhα variable transcripts on rat brain sections suggest 
that the levels of some isoforms (alternative isoforms vs Pcdhαc1 & Pcdhαc2) 
vary substantially between brain regions (Zou et al., 2007). For instance, 
serotonergic neurons predominately express the Pcdhac2 isoform (Weisheng 
Chen, personal communication).  Isoform-specific quantitative RT-PCR and 
RNA-seq experiments performed on RNA isolated from dissected brain regions 
are not consistent with these findings (Kehayova et al., 2011, personal 
observations). Rather, these experiments suggest that the overall Pcdhα levels 
vary between brain regions but there is relatively little variation in the levels of 
individual isoforms. Pcdhα proteins has been observed in both synaptic and non-
synaptic locations on the cell membrane, as well as in transport organelles within 
axons (Emond and Jontes, 2008; Kohmura et al., 1998; Murata et al., 2004). 
Pcdhα has also been found in growth cones in zebrafish (Emond and Jontes, 
2008) and mouse CNS (Hasegawa et al., 2008; Suo et al., 2012). 
 
1.8.2 Expression of Pcdhβ 
Relatively little is known about expression of the Pcdhβ gene cluster. ISH 
and RT-PCR experiments indicate that Pcdhβ isoforms are expressed throughout 
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mouse brain in areas such as the olfactory bulb, the cerebellum, the 
hippocampus, the trigeminal ganglia etc (Hirano et al., 2012 and personal 
observation). Pcdhβ1 is an exception to this pattern; little or no Pcdhβ1 
expression is seen in most of the brain, but Pcdhβ1 is expressed very highly in 
olfactory neurons in the olfactory epithelium (Junghans et al., 2008); and 
personal observation). Isoform-specific RT-PCR experiments are consistent with 
these findings; each Pcdhβ isoform except Pcdhβ1 is detectable in adult cortex 
and cerebellum RNA samples (Κevin Monahan, personal communications). The 
absence of constant region exons makes assessing Pcdhβ protein localization 
difficult. However IHC against Pcdhβ16 and Pcdhβ22 protein revealed punctate 
staining in areas such the cerebellum, cortex, hippocampus and retina, and they 
were partially co-localized with synaptic markers (Junghans et al., 2008; Puller 
and Haverkamp, 2011). 
 
1.8.3 Expression of Pcdhγ  
Pcdhγ cluster transcripts are also detectable in embryonic brain RNA and 
peak around P10 (Frank et al., 2005). Pcdhγ proteins are detectable as early as 
E10.5 and increases until around P9 (Frank et al., 2005; Kallenbach et al., 2003). 
As discussed for Pcdhα, ISH, RT-PCR and RNA seq experiments suggest that 
levels of each Pcdhγ isoform may vary between neuronal cell types. Especially 
for the case of the C-type Pcdhs (PcdhγC3, PcdhγC4 and PcdhγC5). (Zou et al., 
2007; personal observations). Pcdhγ protein has been observed in pre- and post-
synaptic membranes, on the cell surface outside of synapses, and in the 
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membrane of intracellular organelles and vesicles (Fernandez-Monreal et al., 
2009; Frank et al., 2005; Kallenbach et al., 2003; Lefebvre et al., 2008; Murata et 
al., 2004; Phillips et al., 2003). Pcdhγ proteins have also been observed in 
axonal and dendritic growth cones (Kallenbach et al., 2003). Interestingly partial 
co-localization of Pcdhα and Pcdhγ proteins have been reported only in 
hippocampal neurons (Murata et al., 2004; please see the results section).  
Together, these data indicate that Pcdhs are found mainly in neuronal 
processes such as axons and dendrites, and rarely in synapses. This 
observation is consistent with their proposed function in circuit formation during 
mammalian development. 
  
1.8.4 Clustered Protocadherin expression in non-neuronal cells  
The clustered Pcdhs can be detected in several tissues outside of the 
nervous system. Pcdhα transcripts are primarily expressed in the nervous 
system, although low levels of Pcdhα transcripts are detectable in liver, spleen, 
placenta, and embryonic stem cells (Dallosso et al., 2009). However, Pcdhβ and 
Pcdhγ are expressed more broadly. Pcdhβ and Pcdhγ transcripts are present in 
embryonic kidney at levels comparable to whole brain (Dallosso et al., 2009). 
Low levels of Pcdhγs have been reported in adult heart, and lung and kidney. 
Interestingly both Pcdhγ transcript and protein are also detected in astrocytes, 
and embryonic stem cells, (Frank et al., 2005; Garrett and Weiner, 2009; 
Kallenbach et al., 2003; Wang et al., 2002b). Interestingly, members of the Pcdhγ 
gene clusters have been identified as candidate tumor suppressor genes and 
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their silence has been associated with Wilms' kidney tumor, colorectal adenoma 
and carcinoma (Dallosso et al., 2009; Dallosso et al., 2012). 
 
 
1.9 Biochemical and Biophysical properties of the clustered Protocadherins 
 
1.9.1 In trans homophilic interactions between the cluster Protocadherins 
From the initial discovery of Pcdhs, protein sequence similarities between 
the Pcdhs and classical cadherins led to the assumption that Pcdhs mediate 
homophilic interactions (Kohmura et al., 1998). In addition, the presence of Pcdh 
proteins at synapses led to speculation that these cell-surface proteins may 
provide a “synaptic adhesive code” for specifying neuronal connectivity (Shapiro 
and Colman, 1999; Takeichi, 2007). Indeed, biochemical studies have shown 
that clustered Pcdhs can engage in homophilic interactions. However, direct 
evidence for a role in synaptic specificity is lacking.  
Classical cadherins mediate cell-cell adhesion via trans-homodimerization 
between their extracellular protein domains emerging from apposing cell 
interfaces, and they assemble intercellular adherent junctions through cis-
clustering (Brasch et al., 2012). Pcdh isoforms mediate homophilic adhesion 
between cells surfaces by binding in trans. Most studies of trans interactions by 
clustered protocadherins have assayed the aggregation of non-neuronal cells 
over-expressing a specific isoform or the aggregation of beads coated with 
recombinant protein. With the exception of one study that did not observe 
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aggregation (Morishita et al., 2006), these experiments have revealed the 
adhesive properties for clustered Pcdhs (Obata et al., 1995; Reiss et al., 2006; 
Sano et al., 1993; Triana-Baltzer and Blank, 2006). 
The first attempt to address the specificity of the hοmophilic interaction of 
clustered Pcdhs was performed with Pcdhγ proteins (Fernandez-Monreal et al., 
2009). In those experiments, HEK293 cells were labeled with lipophilic dyes and 
transfected with expression constructs for tagged Pcdhγ isoforms lacking the 
cytoplasmic domain. These truncated isoforms accumulate on the cell surface 
and at sites of cell-to-cell contact much more than full-length Pcdhγ isoforms. In 
contrast, when cells expressing different isoforms were mixed, very few cell-to-
cell contacts formed between the differently labeled cells (Fernandez-Monreal et 
al., 2009). Similar results were found in experiments utilizing a more advanced 
version of the traditional cell aggregation assay (Schreiner and Weiner, 2010). In 
this study the authors, used a leukemia cell line (K562) that does not express 
detectable levels of endogenous clustered Pcdhs (Reiss et al., 2006). Co-
transfection of full length, of cytoplasmic domain truncated Pcdhγ isofoms, fused 
to a fluorescent protein resulted in cell aggregates, indicative of the homophilic 
binding between Pcdhγ isoforms. Consistent with the previous report 
(Fernandez-Monreal et al., 2009), binding between Pcdhγ isoforms was strictly 
homophilic, since cell aggregates where observed only when they were 
transfected with the same isoform. Subsequently, Thu et al., expanded these 
studies to the rest of the Pcdh gene clusters (Thu et al., 2014). The authors 
showed that similar to the Pcdhγ isoforms, Pcdhβ and all but one Pcdhα 
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(PcdhαC1) can mediate specific homophilic interactions. Interestingly, in order for 
PcdhγC4 and all Pcdhα isoforms (except PcdhαC2) to engage in hemophilic 
binding, they required a carrier Pcdh (from  Pcdhγ or Pcdhβ) for their membrane 
delivery (Bonn et al., 2007; Murata et al., 2004; Thu et al., 2014). Remarkably 
Thu et al., show that the specificity of the in trans interaction is diversified by co-
expression of multiple Pcdh isoforms from all three subfamilies in k562 cells. 
Surprisingly, a single mismatched Pcdh isoform, was found to interfere (coined 
as interference) with recognition between k562 cells that express an otherwise 
matching set of Pcdhs (from the same or different clusters) (Thu et al., 2014). 
Specifically, the authors assessed the ability of cells to co-aggregate when co-
transfected with up to five Pcdh isoforms, containing various numbers of 
mismatches. In all cases, mixed aggregates were observed only for cells 
expressing identical isoforms whereas cells expressing mismatched isoforms 
formed separate non-adhering aggregates. This results suggested that co-
transfecting differ Pcdh isoforms creates homophilic specificities (recognition 
units) which differ from the specificities of the individual Pcdh isoforms and that 
the presence of one non-matching isoform can interfere with the cell based 
aggregation assay(Thu et al., 2014).  
  In contrast to classical cadherins, in which the first ectodomain (EC1) is 
critical to binding specificity, in Pcdhs, the second and third extracellular (EC2, 
EC3) domains are responsible for the strict trans interactions between the same 
Pcdh isoforms (Schreiner and Weiner, 2010; Thu et al., 2014). In Pcdhs, EC1 is 
essential for the trans interaction but does not contribute to specificity (Rubinstein 
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et al., 2015; Schreiner and Weiner, 2010; Thu et al., 2014). Remarkably, novel 
chimeric isoforms made by shuffling the EC2 and EC3 from different Pcdhγ 
isoforms also exhibited strict homophilic binding specificity (Rubinstein et al., 
2015; Schreiner and Weiner, 2010). This modularity is similar to the modular 
binding specificity mediated by each Dscam variable exon (Wojtowicz et al., 
2004; Wojtowicz et al., 2007). As expected, Pcdh’s EC2 and EC3 ectodomains 
are the most diverse of the 6 ectodomains, as it appears to have not been 
subject to homogenizing gene conversion like the other ectodomains (Noonan et 
al., 2004b). 
 
1.9.2 In cis oligomerization between the cluster Protocadherins 
Pcdhγ protein isoforms are found in large ~480 to 1280 kDa complexes in 
membrane extracts from whole brain (Han et al., 2010). Mass spectrometry of 
purified complexes demonstrated that they contain both Pcdhα and Pcdhβ 
proteins. Co-immunoprecipitation (Co-IP) experiments support this finding; Pcdhα 
and Pcdhγ protein Co-IP from whole brain extracts (Murata et al., 2004) or in 
overexpression experiments in CAD neuroblastoma cell line (Schalm et al., 
2010). These initial findings led to the hypothesis that clustered protocadherins 
from all three clusters oligomerize to form complexes. In addition, it is believed 
that this oligomerization is not isoform specific. However, the major drawback of 
this type of biochemical study is the fact that it is impossible to determine 
whether Pcdhs that are “pulled down” interacting in trans or in cis, or whether 
they interact directly as opposed to interactions as a part of a larger multiprotein 
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complex. The first strong evidence supporting in cis interactions between Pcdh 
isoforms, was the finding that any Pcdh single isoform (β, γ, or C-type) can 
mediate cell-surface delivery of Pcdhα isoforms, which are otherwise confined 
within the cell (Thu et al., 2014). As mentioned previously these in cis 
interactions are functionally important since they can create new homophilic 
specificities that differ from the specificities of the individual Pcdh isoforms. 
Experiments with truncated Pcdhs together with biophysical n computational 
analyses revealed a critical role of EC6 domain in the in cis interaction even in 
the absence of trans binding (Rubinstein et al., 2015; Thu et al., 2014). Analytical 
Ultracentrifugation Analysis of Pcdhs showed that EC6 domain mediates Pcdh 
cis dimerization and that the affinity of this interaction is comparable or even 
stronger than the trans interactions (Rubinstein et al., 2015). 
 Together these results show that Pcdhs form dimers promiscuously, 
between essentially any two Pcdh isoforms, suggesting that Pcdhs on cell 
surfaces exist as cis dimers formed by pairs of different isoforms from all three 
Pcdh clusters (combinatorial), as well the C-type isoforms (Rubinstein et al., 
2015). 
 
1.9.3 The crystal structures and the multimeric unit of clustered Protocadherins 
Although the crystal structure of a full length Pcdh isoforms is yet to be 
determined, structures of proteins composed of the three or four N-terminal EC 
domains of mouse Pcdhα4, Pcdhα7, Pcdhβ6, Pcdhβ8, PcdhαC2, Pcdhβ1, 
PcdhγA8, PcdhγΑ1 and PcdhγC5, Pcdhγc3 have been solved (Goodman et 
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al.,2016) (Nicoludis et al., 2015; Rubinstein et al., 2015). In all the reports the 
authors focused on protein fragments containing the first few EC domains, since 
K562 cell aggregation experiments indicated that the EC1 domain is required for 
trans binding of Pcdhs and specificity was mediated via the EC2–EC3 domains. 
Interestingly all the structures show high similarity (Goodman et al.,2016;) 
(Nicoludis et al., 2015; Rubinstein et al., 2015). Each EC domain consists of two-
layer β sheet fold observed in classical cadherins. Calcium-binding linkers 
connect the successive domains. And in contrast with previous conclusions 
(Schreiner and Weiner, 2010) it was shown that the homophilic interactions 
between Pcdhs isoforms were Ca+ dependent (Rubinstein et al., 2015).   
Rubinstein, et al., carried out computational modeling and mutagenesis 
experiments based on the EC1-EC3 crystal structures in an effort to elucidate the 
trans homophilic interface of Pcdh between cells. The authors found Head-to-Tail 
interactions of EC1–EC4 domains. In this head-to-tail orientation of the two 
molecules, the EC1 domain of one molecule interacts with EC4 of it partner and 
the EC2 domain interacts with the EC3 (Figures1.6) (Nicoludis et al., 2015; 
Rubinstein et al., 2015). Thus, it was proposed that Pcdh cell-cell recognition is 
mediated by a mechanism that couples cis and trans interactions. Pcdh form 
promiscuous EC6 dependent cis-dimers at the cell surface that engage 
specifically in trans through an antiparallel interface via the domains EC1–EC4 
(Figures1.6). However, a definitely proof for this model was reported by 
Goodman et al., using crystal structures of Pcdh EC domains, in which adopted 
dimeric conformations geometrically consistent with their functions in trans cell-
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cell recognition.  
These results consequently led to the prediction that Pcdhs form zipper-
like structure involving symmetrical cis and trans interactions. In this model each 
Pcdh cis dimer interacts with two dimers through independent trans binding, so 
as to form “a connected ribbon of molecules” emerging from the two opposing 
cell surfaces (Goodman et al., 2016; Rubinstein et al., 2015). This in turn argues 
that cells matching Pcdh isoforms would be able to form large Pcdh protein 
assembly upon contact. In contrast, cells with different isoform compositions 
would incorporate mismatches, preventing further growth of the lattice (Goodman 
et al., 2016; Rubinstein et al., 2015). Interestingly, computational modeling of the 
Pcdh assembly size (assuming that each cell contains a stable set of cis dimers 
formed from the random association of monomers present in each cell), also 
predicted that the size of Pcdh assemblies could depend on the number of Pcdh 
Isoforms that mismatch (Rubinstein et al., 2015). The authors concluded that 
when all isoforms are identical, the assembly size (of the lattice) is limited only by 
the number of copies of each Pcdh isoform. However, it was calculated that the 
presence of even one single mismatched isoform would be sufficient to reduce 
the average size of an assembly by at least two orders of magnitude (Rubinstein 
et al., 2015). 
 
1.10 Signaling by clustered Protocadherins  
Pcdhs are thought to be involved in singling through their intracellular 
domains (ICDs). However, the nature of this signaling remains unknown. All 
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three classes of clustered Pcdh proteins have distinct cytoplasmic regions, but 
they do not have recognizable motifs, and they lack the catenin-binding domains 
that are found in classical cadherins. Although the ICDs encoded by the constant 
exons of the Pcdhα and Pcdhγ clusters differ significantly from each other, they 
are highly conserved, suggesting a conserved cellular function (Chen and 
Maniatis, 2013).  
As described previously, Pcdhα isoforms were first identified as interacting 
co-factors of the tyrosine kinase fyn in yeast 2-hybrid experiments. However, 
nothing has been subsequently reported regarding this interaction in mammalian 
cells, and it is currently unclear whether Pcdhα and Fyn proteins can actually 
interact (Yagi, 2008). More recently the Pcdhα and Pcdhγ intracellular domains 
have been reported to interact with two members of the focal adhesion kinase 
family: proline-rich tyrosin kinase 2 (Pyk2) and focal adhesion kinase (FAK) 
(Chen et al., 2009). Pcdhα and Pcdhγ intracellular domain constructs decrease 
the kinase activity of these proteins in vitro, and Pcdhγ protein primarily 
associates with the unphosphorylated versions of Pyk2 and FAK in CO-IP 
experiments from brain extract. The authors also reported increased 
phosphorylation of these proteins in mice in which the Pcdhγ cluster has been 
deleted. Based on these findings, the authors propose that association with 
Pcdhα and Pcdhγ regulates the activity of FAK and Pyk2.  
The receptor tyrosine kinase Ret CO-IP’s with Pcdh complexes (both 
Pcdhα and Pcdhγ) in extracts from cultured primary neurons, and it has been 
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reported that Pcdhα or Pcdhγ are required for Ret stability (Schalm et al., 2010). 
Interestingly, Ret regulates the stability of Pcdhα and Pcdhγ isoforms as well, 
and depletion of Ret reduces the levels of Pcdhα and Pcdhγ proteins. 
Interestingly, addition of the Ret ligand Glial cell line-derived neurotrophic factor 
(GDNF) in cultured motor neurons, and in sympathetic ganglia induces 
phosphorylation of the Pcdhα and Pcdhγ ICDs. Based on these finding Schalm et 
al., proposed that Pcdhs and Ret might be functional components of a 
phosphorylation-dependent signaling complex. However, the functional role of 
such a complex has not been addressed.  
Large scale proteomic analyses have identified many more proteins that 
may be associated with clustered protocadherins. As discussed above, mass 
spectrometry of Pcdhγ containing complexes purified from whole brain identified 
Pcdhα and Pcdhβ isoforms, but it also identified over 100 other proteins in these 
complexes (Han et al., 2010). Many of these proteins are associated with post-
synaptic densities, for example postsynaptic density protein 95 (PSD-95) and 
several subunits of the Ca2+ /calmodulin-dependent protein kinase II (CaMKII) 
complex.  
 
1.11 Cleavage of clustered Protocadherins  
 
The clustered Pcdhs are proteolytically cleaved, and this proteolysis 
releases a soluble C-terminal fragment that may localize to the nucleus and 
regulate gene expression. It has been proposed that Pcdhα, Pcdhβ, and Pcdhγ 
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are all substrates for a two step proteolytic cleavage event. First, a 
metalloproteinase cleaves the extracellular region close to the transmembrane 
segment. The metalloproteinase Disintegrin and metalloproteinase domain-
containing protein (ADAM10) has been reported to cleave Pcdhα and Pcdhγ 
isoforms in this first step (Bonn et al., 2007; Reiss et al., 2006). Then, the 
remaining membrane-bound C-terminal fragment is further cleaved by presenilin, 
the catalytic subunit of the membrane bound γ-secretase complex (Bonn et al., 
2007; Buchanan et al., 2010; Hambsch et al., 2005; Reiss et al., 2006). This 
second cleavage releases a soluble intracellular C-terminal fragment, which may 
function in signaling (Bonn et al., 2007; Buchanan et al., 2010). Interestingly 
Pcdhα and Pcdhγ intracellular domains contain a lysine rich sequence that may 
act as nuclear localization signals (Wu and Maniatis, 1999). Consistent with that 
possibility, Pcdhα and Pcdhγ C-terminal fragments have been reported to 
localize to the nucleus (Bonn et al., 2007; Haas et al., 2005; Hambsch et al., 
2005). Therefore, it has been hypothesized that these fragments may regulate 
gene expression.  
Pcdh cleavage and signaling appear to be regulated during development. 
Cleavage products levels are high by embryonic day 12, but decrease during 
development (Buchanan et al., 2010). Experiments performed in CAD 
neuroblastoma cell line showed that cleavage required endocytosis but can be 
negatively regulated by the formation of clustered Pcdh complexes. Pcdh C-
terminal fragments were present in undifferentiated CAD neuroblastoma cells but 
disappeared after differentiation (Buchanan et al., 2010). Buchanan et al., 
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reported that during differentiation, Pcdh isoforms from all three clusters form 
protein complexes (probed by Co-IP). Interestingly, when a truncated Pcdhα4 
isoform without EC1- EC5 domains was expressed in these cells, it failed to 
interact with other Pcdh isoforms. However, this truncated isoform was still able 
to undergo cleavage in differentiated CAD cells. Based on these observations 
Buchanan et al., proposed that Pcdh cleavage, can occur in differentiated cells, 
however the formation of multimeric Pcdh protein complexes somehow inhibits it. 
However, the nature of this inhibition is completely unknown. 
 
1.12 Genetic analysis of clustered Protocadherins 
 
Efforts to understand the in vivo function of Pcdh gene clusters in mice 
has revealed a number different roles in neural development. Among the first 
functions function discovered was their role in neuronal survival, as evidenced by 
the massive apoptosis and eventual loss of spinal interneurons and retinal cells 
in Pcdhγ-deficient mice (Lefebvre et al., 2008; Prasad et al., 2008; Wang et al., 
2002c; Weiner et al., 2005). In both the spinal cord and retina, neuronal loss was 
accompanied by reduced numbers of synapses. Interestingly genetically blocking 
neuronal apoptosis in these mice, by introducing a BCL2-associated X protein-
null allele(Bax-/-) was sufficient to rescue the synaptic phenotype in the retina 
(Lefebvre et al., 2008) but not in the spinal cord (Weiner et al., 2005). This 
observation suggested that Pcdhγ function might differ between neuronal tissues. 
In an attempt to identify the Pcdhγ isoforms required for survival, Chen et al., 
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generated mutant mice in which the Pcdhγ c-type isoforms only (Pcdhγc3, 
Pcdhγc4 and Pcdhγc5) were deleted. Interestingly these mice were 
phenotypically indistinguishable from the full Pcdhγ cluster deletion mice (Chen 
et al., 2012). Both knockouts died shortly after birth, displaying similar levels of 
neuronal death and loss of synapses in the spinal cord and retina. Genetically 
blocking apoptosis was able to rescue the neonatal lethality of C-type knockouts, 
and the connections to motor neurons in both c-type and Pcdhγ knockouts (Chen 
et al., 2012; Prasad and Weiner, 2011). However, it failed to rescue the neonatal 
lethality of the full Pcdhγ cluster deletion mice. These observations suggest that 
the role of the Pcdhγ cluster in neuronal survival is primarily, if not entirely, 
mediated by one or more of the C-type isoforms, which are phylogenetically 
divergent among Pcdhs. However, the fact that Pcdhγ deficient mice still die in 
the absence of apoptosis, suggested that the Pcdhγ proteins must have an 
additional independent role/roles that are essential deuring development. Thus, 
due to presence high levels of neuronal death it was hard to discern whether 
Pcdhγ proteins had a direct role in neuronal connectivity. To circumvent the 
neonatal lethality of Pcdhγ null mice and address the function in neuronal 
connectivity, conditional KO studies were employed. When the Pcdhγ gene 
cluster was deleted selectively in the forebrain using the empty spiracles 
homolog 1 (EMX1) Cre line, a severe reduction in cortical neuron dendrite 
arborization was observed during the third and fourth postnatal week, without 
affecting neuronal survival (Garrett et al., 2012). Interestingly the authors 
proposed that Pcdhγ proteins function by inhibiting the associated cell-adhesion 
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kinase Fak. This results in the down regulation of the protein kinase 
C/phospholipase C/myristoylated alanine-rich C-kinase substrate 
(PKC/PLC/MARCKS) signaling pathway, which in turn promotes dendritic 
arborization. Consistent with the role of Pcdhγ in dendritic development, 
selectively ablating Pcdhγ isoforms in subventricular zone progenitor cells, led to 
a decrease of dendritic arbors and dendritic spines in granule cells of the 
olfactory bulb. Taken together these findings suggested that the Pcdhγ gene 
cluster, besides cell survival, is involved in dendritic formation of cortical cells, but 
the relative importance of these functions may vary in different types of neurons. 
Additionally, the synaptic phenotype observed with the Pcdhγ deletions, despite 
being complicated, raised the possibility that Pcdhγ proteins may have a direct 
role in synaptic formation and connectivity. However such a function still remains 
to be discovered. 
In contrast to Pcdhγ deficient mice, which die as neonates, Pcdhα 
knockouts and hypomorphs are viable and fertile, with no obvious defects 
((Hasegawa et al., 2008; Katori et al., 2009; Suo et al., 2012) and our 
observations). Perhaps the most interesting defects have been observed in the 
case of olfactory and serotonergic neurons. Hasegawa et al., generated mice 
with a hypomorphic Pcdhα allele by deleting the constant region exons and 
examine the projections of olfactory neurons (OSNs) to the bulb. In wild-type 
animals, OSN axons expressing the same olfactory receptor converge, forming 
few glomeruli, usually one or two on each side of the olfactory bulb (please see 
below for a detailed introduction to the olfactory system). Pcdhα hypophorphic 
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mutant mice displayed subtle abnormalities in axonal projections. OSNs 
expressing the same olfactory receptor were still capable of forming a normal 
glomerulus. However, the authors reported the presence of additional small 
glomeruli, surrounding the main glomerulus. Some of these glomeruli also 
appeared to be innervated by more than one type of OSN (Hasegawa et al., 
2008). Interestingly, mice in which only a single Pcdhα isoform (Pcdhα1, 
generated by deleting Pcdhα2 through Pcdhαc2 in the cluster) was constitutively 
expressed, did not display any defects in OSN projections (Hasegawa et al., 
2012). The authors concluded that Pcdhα signaling, and not Pcdhα isoform 
diversity, is essential in order to eliminate the extra mini glomeruli seen in the 
Pcdha deletion mice. 
  Serotonergic fibers were also aberrantly distributed in the brains of these 
Pcdhα mutants (Katori et al., 2009). Serotonergic neurons are located in the 
raphe nuclei of the brain and project axons out along defined paths to many 
regions of the brain. In Pcdhα mutants serotonergic axons failed to spread 
efficiently and formed dense collapsed structures. The authors reported higher 
levels of serotonin in the hippocampus in these mice, possibly a result of the 
projections defects. Pcdhα mutants displayed a number of behavioral defect such 
as enhanced contextual fear conditioning and abnormal spatial learning 
compared to controls (Fukuda et al., 2008; Katori et al., 2009). As mentioned 
previously, in turns out that setotonergic neurons express only Pcdhαc2. 
Remarkably, unpublished work from the Maniatis lab reveales that deletion of the 
two Pcdh c-type isoforms (Pcdhαc1 and Pcdhαc2), but not the alternate isoforms 
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(Pcdhα1- Pcdhα12) can phenocopy the serotonergic phenotype observed in 
Pcdhα hypomorphic mutant mice. Thus, serotonergic neurons require a single 
Pcdh isoform in order for their axons to innervate the appropriate targets.   
Finally, evidence for axonal aggregation has also been reported for the 
optic nerve fiber, in the lateral geniculate nucleus (LG) and in the primary visual 
cortex of Pcdhα mutant mice. In Pcdha mutants retinogeniculate terminals 
appeared abnormally aggregated in dorsal part of LG, with these mice also 
displaying deteriorated visual acuity (Meguro et al., 2015). In summary, these 
observations suggest that Pcdhα may play a role in axon guidance or targeting of 
neurons in the brain, rather than directly in synapse formation and neuronal 
connectivity. To date there is only one study showing a role of Pcdhα in dendritic 
development and in spine morphogenesis. Suo et al., proposed that Pcdhα 
isoforms regulate dendritic and spine development by inhibiting associated cell-
adhesion kinases Fak/Pyk2, resulting in the activation of small GTPases such as 
Ras homolog gene family member A (RhoA) and Ras-related C3 botulinum toxin 
substrate 1 (Rac1). This in turn leads to cytoskeleton reorganization. Finally, 
functional studies of mice lacking the Pcdhβ gene cluster have not been 
reported. 
A key functional connection between the invertebrate Dscam1 and the 
vertebrate clustered Pcdhs was made by the discovery that the Pcdhγ gene 
cluster is required for dendritic self-avoidance in mouse retinal starburst 
amacrine cells (SACs) and Purkinje cells (Lefebvre et al., 2012). Ablating Pcdhγ 
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isoforms, selectively using SAC and Purkinje cre lines resulted in dendritic 
collapse, extensive self-crossing and bundling of dendrites in these two 
populations (Figure 1.7). Specifically, in the case SACs these dendritic defects 
appeared early during their differentiation and persisted when apoptotic cell 
death was genetically blocked, excluding any possible effect from secondary loss 
of neurites from SAC interacting partners. In addition, by using tamoxifen-
activated Cre recombinase and low density SAC primary cultures it was 
demonstrated that the dendritic phenotype observed in SACs in the absence of 
Pcdhγ, it is cell-autonomous and it does not depend in any intercellular 
interactions (even between other SACs) to promote self-avoidance. Interestingly 
single cell recording from SACs lacking all Pcdhγ isoforms revealed the presence 
of autaptic currents upon stimulation (Kostadinov and Sanes, 2015). This led the 
authors to suggest that one role of Pcdhγ mediated self-avoidance is to prevent 
the formation of autapses in individual SACs. 
Lefebvre et al., reintroduced a single Pcdhγ isoform (Pcdhγa1 or Pcdhγc3) 
back into SACs, which rescued the dendritic collapse. Next the authors asked 
whether over expressing a single Pcdhγ mediated isoform in every SAC (in the 
absence of the endogenous Pcdhγ) affects their connectivity. Interestingly, they 
reported that the relative dendritic overlap between adjacent SACs was reduced 
(although not drastically) compared to both controls and Pcdhγ conditional KO 
(Figure 1.7). Subsequently, single cell recordings of neighboring SACs 
expressing a single Pcdhγ isoform, revealed a reduction of their connection 
strength, although it is unclear whether this was the result of fewer synapses or 
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just “weaker” synapses between them (Kostadinov and Sanes, 2015). The 
authors proposed that over expressing a single Pcdhγ isoform in every SAC 
endows the neurons with the same Pcdhγ identity. As a result, dendrites from 
different neurons miss-recognize each other as self, and thus avoid each other. 
Although this is an attractive model, it not clear whether Pcdhγ mediated single 
cell diversity exists in SACs. Additionally, the fact that high levels of dendritic 
interactions remained intact between SACs expressing a single Pcdhγ isoform, 
suggests that either the discrimination of self from non self was not truly 
eliminated or that a single Pcdhγ isoform was not sufficient to induce high levels 
of repulsion.  
  Surprisingly, loss of Pcdhγ or gain of function from a single Pcdhγ isoform 
did not affect SAC connectivity with their synaptic partners, the direction-selective 
ganglion cells (DSGCs) (Kostadinov and Sanes, 2015). Nevertheless, it did have 
an affect on their direction selectivity, suggesting that SAC–SAC connections 
may play an important role in computation of direction selectivity in the retina.  
Overall, two additional significant caveats pertain the analysis of all 
mutants described above. First, to the present day all studies have focused on 
the function of single Pcdh gene cluster, disregarding the rest of the clustered 
Pcdhs. Although this would not be a concern if neurons expressed only isoforms 
from one cluster, we know that neuronal cells such as Purkinje and olfactory 
neurons (see results section) all express Pcdh isoforms from all three Pcdh gene 
clusters (α, β and γ) and as described earlier, isoforms from separate clusters 
tend to oligomerize. Thus, even if one cluster is mutated or deleted, the 
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remaining clusters may be sufficient to serve most or all of their normal functions 
(ie self-avoidance and self /non self-discrimination). Just as with Drosophila 
Dscam (Hattori et al., 2009), moderate decreases in diversity do not cause a 
strong phenotype. Therefore, interpretation of phenotypes generated by single 
Pcdh cluster deletion in cell types that express more than one gene cluster can 
be misleading and this has hindered our understanding of their function in the 
nervous system. A second caveat of the majority of these analyses is that single 
cluster deletions affect both alternative isoforms and c-type isoforms. For 
example, it is possible that the c-type isoforms are essential co-factors of the 
alternative isoforms or that they have additional roles. Consequently, a given 
phenotype could simply be the result of missing one or the other. Indeed, recent 
findings in our lab support this possibility. In the case of serotonergic fibers, 
deletion of Pcdhαc1 and Pcdhαc2 phenocopies the full Pcdhα gene cluster 
deletion (Weisheng Chen, personal communication) and as mentioned earlier 
Pcdhγ c-type isoforms are the ones mediating neuronal survival.  
 
1.13 Open questions 
Despite the recent evidence that Pcdhγ isofroms can mediate dendritic 
self-recogniton and self-avoidance in amacrine and in Purkinje cells, this 
phenotype is highly selective. Most neurons in the CNS, including the myriad of 
other retinal neurons appear to be unaffected by the deletion of the Pcdhγ gene 
cluster (Lefebvre et al., 2008). In other cells types such as the olfactory or 
serotonergic neurons it still remains unknown whether Pcdhs can mediate self-
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avoidance and self recognition and if they do, which of the three clusters are 
responsible for it. In addition, it is unclear whether Pcdhs may play additional 
roles in neurons, such as functioning as mediators of axonal targeting or 
neuronal differentiation. Importantly, previous attempts to address Pcdh- 
mediated diversity in neuronal circuit assembly have produced inconclusive 
results. In the case of SACs cells, the reduction of overlapping dendrites between 
SACs that expressed the same Pcdhγ isoform, could suggest that Pcdhγ-
mediated diversity is important. However, this does not appear to affect their 
coexistence, since they still share the same receptive field (e.g interacting with 
same partners) (Kostadinov and Sanes, 2015). In addition, it is unknown whether 
individual SACs normally express different Pcdhγ isoforms. Thus, the question of 
whether Pcdh diversity is required for SAC connectivity remains open. By 
contrast in the case of OSNs, it has been reported that Pcdhα-mediated diversity 
does not affect their wiring to the OB (Hasegawa et al., 2012).  
Thus, a number of questions regarding the functions of Pcdhs remain to 
be answered: i. are they required in axons? ii. Does the requirement of each 
Pcdh gene cluster differ between distinct neuronal cell types and if so, in what 
way? iii. Do Pcdhα and Pcdhβ isoforms also contribute to self-avoidance and 
self-recognition? iv. how does Pcdh diversity influence the establishment of 
functional neuronal circuits? 
I choose to exploit the mouse olfactory system to address these important 
questions regarding the function of clustered Pcdhs in mammalian nervous 
system. Below I will briefly introduce the organization of the olfactory system and 
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present the mechanisms that regulate OSN wiring. 
 
1.14 Introduction to the mammalian olfactory system  
Mammalian genomes encode hundreds of olfactory receptor (OR) genes. 
Mouse olfactory sensory neurons (OSNs) monoallelically express a single OR 
from among ~1000 OR genes (Chess et al., 1994; Ishii et al., 2001; Serizawa et 
al., 2000; Serizawa et al., 2003; Hanchate et al., 2015; Saraiva et al., 2015). Cell 
bodies of OSNs expressing the same OR are diffusely distributed in the olfactory 
epithelium (OE), but their axons coalesce into specific glomeruli in the olfactory 
bulb (Mombaerts et al., 1996; Ressler et al., 1993; Vassar et al., 1994; Vassar et 
al., 1993). A few glomeruli per bulb correspond to each OR, creating a spatially 
invariant projection pattern, referred to as olfactory topographic map (Mombaerts 
et al., 1996). OSN axons within a glomerulus branch out, (Klenoff and Greer, 
1998) where they synapse with mitral/tufted cells (M/T) and granule cells (GC) 
(Figure ). Each OR tends to be expressed in a particular zone within the dorsal-
medial or ventral region of the olfactory epithelium (Miyamichi et al., 2005; Tsuboi 
et al., 2006). 
 
1.14.1 Mechanisms regulating olfactory neuron targeting to the olfactory bulb 
A) OR independent OSN targeting 
The projection of OSNs to different sites along the dorsal-ventral (D-V) 
axis of the olfactory bulb correlates with their position along the D-V axis of the 
olfactory epithelium. Studies have shown that both the timing of OSN maturation 
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together with the expression of axon-guidance receptor, neuropilin 2 (Nrp2), and 
its repulsive ligand, semaphorin 3F (Sema3F), contributes to olfactory map 
formation along the D-V axis (Sullivan et al., 1995; Takeuchi et al., 2010). Gain 
and loss of function genetic experiments have revealed that the repulsive ligand, 
Sema3F, is secreted by early arriving dorsal-zone axons and is deposited in the 
anterior-dorsal OB. This serves as a guidance molecule repelling late-arriving 
ventral-zone axons that express the Nrp2 receptor (Mori and Sakano, 2011). In 
addition, the repulsive interaction between another set of molecules, Roundabout 
2 (Robo2) and Slit also influence OSN projection to the anterior-dorsal OB. The 
guidance receptor Robo2 navigates the early arriving dorsal axons to the dorsal 
domain of the OB through the repulsive effects of the secreted ligands, Slit-1 and 
Slit-3. Slits are expressed higher in the ventral part of the OB, thus restricting the 
first wave of OSN projection to the anterior-dorsal OB (Cho et al., 2007; Nguyen-
Ba-Charvet et al., 2008). These results support a model in which the 
spatiotemporal regulation of axonal projection of OSNs aided by Robo2 and Slits, 
together with the graded and complementary expression of Nrp2 and Sema3F, 
contributes to the olfactory map formation along the D-V axis, in an OR 
independent fashion (Figure1.7) (Sakano, 2010). 
 
B) OR dependent OSN targeting 
OR choice not only generates single cell diversity within the olfactory 
epithelium, it also influences the targeting of OSNs to the OB. In addition to the 
guidance molecules mentioned above, elegant genetic gene “swapping” 
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experiments, in which the coding region of a recipient OR locus was replaced 
with the coding region of a different OR, revealed that the choice of the OR 
strongly influences OSN axonal wiring. (Bozza et al., 2004; Feinstein et al., 2004; 
Feinstein and Mombaerts, 2004; Mombaerts, 2006; Wang et al., 1998). 
Consistent with the idea that ORs function in axonal wiring, OR proteins are 
localized in axons and axon terminals, prior to and during the formation of 
glomeruli (Barnea et al. 2004; Feinstein et al. 2004; (Strotmann et al., 2004). 
Based on these observations, it was suggested that the actual OR protein itself 
may recognize “guiding” cues in the OB and also may mediate homophilic 
interaction between “like” axons (Mombaerts, 2006).  
However, the prevailing model for OSN axonal wiring posits that OR 
proteins regulate targeting through an indirect mechanism. It appears that 
anterior-posterior (A-P) targeting of OSN axons depends on the basal level of G 
protein-dependent signaling, generating cAMP, induced by each OR (Nishizumi 
and Sakano, 2015). When OSNs express a mutant OR that lack the G protein 
binding motif, their axons stacked in the anterior part of the OB without even 
entering the appropriate targeting layer in the bulb (Imai et al., 2006). 
Interestingly, co-expression of the constitutively active G protein mutant rescued 
the OSN axonal targeting phenotype. Partial rescue was also observed with the 
constitutively active mutants of protein kinase PKA and transcription factor 
CREB, which are a downstream component of G protein signaling. Furthermore, 
constitutively active G protein resulted in a posterior shift of glomeruli when it 
expressed together with the wild-type OR (Imai et al. 2006). These findings 
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suggested that it is the of G protein signaling and thus levels of cAMP signals, 
rather than the direct function of OR molecules themselves, that determine the 
target destination of OSNs along the A-P axis in the OB (Figure sakano 2015) 
(Imai et al., 2006). Remarkably, it was shown that the level of G protein signaling, 
also regulates the level of expression of axon guidance receptor neuropillin 1 
(Nrp1) and its repulsive ligand semaphoring 3A (Sema3A) in OSNs (Imai et al., 
2009). Mutations of either molecule disrupted OSN axon targeting along the 
anterior axis. Additionally, genetically increasing or decreasing the level of Nrp1 
expression in a specific OSN population shifted where their axons coalesce, 
forming a glomerulus towards the posterior or anterior part of the olfactory bulb, 
respectively (Imai et al., 2009). These findings suggested that each OR 
generates a distinct baseline level of G protein-dependent signaling, which is 
unique for each OR (Sakano, 2010). Thus, OSNs expressing the same OR will 
express similar levels of cell surface guidance proteins such as Sema3A and 
Nrp1.  
A recent study further supported this model. Nakashima et al., tested the 
role of agonist –independent activity in OSN targeting. Due to technical 
difficulties the authors used the b2-adrenergic receptor (b2-AR) instead of ORs. 
b2-AR is a GPCR with the highest sequence homology to ORs and shares many 
functional similarities with ORs. For example, b2-AR expression in OSNs still 
obeys the “one neuron-one receptor rule. In addition, it can b2-AR couple with 
the OR related G proteins, can substitute ORs for receptor-instructed axonal 
projection (Feinstein et al., 2004) and biochemical, biophysical studies and 
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structural studies, have discern the key amino acid residues required for G 
protein coupling, ligand binding, and the generation of agonist-independent 
activity (Nakashima et al., 2013). By generating transgenic mice expressing the 
mutant or WT b2-AR under an OR gene promoter, Nakashima et al., reported a 
good correlation between the agonist independent activities of b2-ARs and their 
corresponding glomerular locations in the OB along the A-P axis. Specifically, 
Nrp1 expression levels in b2-AR expressing OSNs were increased by activity-
high mutations, but lowered by activity-low mutations (Figure1.8). Finally, based 
on these findings the authors proposed a model in which the equilibrium of 
conformational transitions set by each OR is what likely determines the 
transcription levels of A-P-targeting molecules in OSNs. 
 
1.14.2 Mechanisms regulating glomerular segregation  
To study how OR-specific glomerular segregation is regulated, Serizawa 
et al., reported a group of genes with expression profiles that correlated with the 
expressed OR species. Genes encoding two homophilic adhesive molecules 
(Kirrel2 and Kirrel3) where identified. Mosaic gain and loss of function of these 
genes resulted in duplicated glomeruli even though they expressed same type of 
OR, suggesting that they participate in the attraction between ‘‘like’’ axons 
(Serizawa et al., 2006). In addition, a different adhesive molecule BIG2, which is 
expressed in axon termini of OSNs in an OR-specific manner, also has been 
reported to facilitate local axons sorting with unknown heterophilic binding 
partners (Kaneko-Goto et al., 2008). Interestingly the repulsive molecules ephrin-
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As and ephrin type-A receptors (EphAs) also show complementary expression in 
each subset of OSNs. This has led to the idea that axon termini of OSNs 
expressing different types of ORs are separated by the repulsive interactions 
between EphA and ephrin-A, thus not converging to the same glomerulus 
(Figure1.8) (Serizawa et al., 2006). In summary, to this day only a handful of 
adhesive and repulsion molecules have been identified to possibly influencing 
glomerular formation. Thus, is still remains unknown how many more sets of 
sorting molecules are involved.  
Remarkably, spontaneous neuronal activity has also been implicated in 
normal glomerular formation. Mice in which the inward rectifier K+ Kir2.1 was 
ectopically expressed in all mature OSNs disrupted the formation of the olfactory 
topographic map (Yu et al., 2004). The authors showed that in the absence of 
spontaneous neuronal activity OSN axons were still capable to form glomeruli. 
However, projection of OSN that expressed a specific OR, coalesce and 
organized in multiple glomeruli, instead of one or two normally seen in wild type 
animals (Yu et al., 2004).  
 
1.14.3 A critical period defines the formation of the olfactory map  
 Two recent studies by Barnea’s and Yu’s labs have provide strong 
evidence for a critical period in the development of the olfactory system in mice 
(Ma et al., 2014; Tsai and Barnea, 2014). To conclude this they used elegant 
genetic manipulations to disrupt OSN targeting and normal glomerular formation 
to the bulb temporally during specific development windows. As mentioned 
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previously ectopic Kir2.1 expression in OSNs disrupts their targeting to the OB 
(Yu et al., 2004). However, Ma and colleagues reported that mice in which Kir2.1 
expression was induced embryonically, and was “turned off” after birth, OSN 
targeting was not affected. In contrast expression of Kir2.1 embryonically but not 
after postnatal day 7 (P7) resulted in abnormal glomerular map formation (Ma et 
al., 2014). In a parallel independent study Tsai and Barnea generated mice in 
which they ectopically expressed the MOR28 OR in a small proportion of OSNs 
and asked how this effects the targeting of the endogenous MOR28 OSNs. 
When the transgenic MOR28 OR was induced ectopically prior birth, 
endogenous MOR28 OSN axons formed multiple glomeruli, instead of a single 
one normally found in wild type mice. In contrast, animals in which the transgenic 
MOR28 OR was expressed only after birth did not impact endogenous MOR28 
OSN projection to the OB (Tsai and Barnea, 2014). Together these results 
suggested that the critical period in which the olfactory map is formed ends up 
shortly after birth, and targeting “mistakes” during that period are detrimental for 
normal wiring of OSNs to the OB . Finally, these observations suggested that 
axon targeting mechanisms (described in 1.13.1-1.13.2) that influence the initial 
establishment of the olfactory map may differ from those used for subsequent 
maintenance of it (Ma et al., 2014). 
 
1.15 The experimental approach 
 The olfactory system is particularly well suited for the investigation of 
Pcdhs function in neuronal circuit assembly, due to the deep understanding of 
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the basic principles mediating OSN wiring and the availability of a great number 
of genetic tools. SpecificallyOSNs are one of the only two neuronal types (the 
other being Pukinje cells) that express isofroms from all three Pcdh clusters 
stochastically (Hasegawa et al., 2012)-my unpublished data). More importantly, 
the precision in which thousands of OSN axons coalesce and form distinct 
glomeruli, is an extreme example of neuronal coexistence. In fact, the previously 
reported stochastic expression of clustered Pcdhs (Hasegawa et al., 2012) in 
these neurons and the fact that hundreds (if not thousands) of axons from OSNs 
expressing a specific OR occupy a highly overlapping territory within each 
glolmerulus, make OSNs ideal to address the role of Pcdh mediated diversity in 









Figure1.1. The morphology of mechanosensory neuron in glossiphoniid 
leech, Haementeria ghilianii   
A drawing depicting the peripheral arborization of leech mechanosensory axons. 
Axon branches belonging to the same sensory cell almost never contact each 
other, and they never grow past one another on the same guidance pathway 







Figure1.2. Dscam1 mediates dendritic self-avoidance in Droshophila 
(A) Dendrites from the same cell, or sister dendrites, avoid crossing each other 
and thus uniformly cover the receptive field. The branches of a single wild-type 
type III dopaminergic (da) neuron in the body wall of a Drosophila larva seldom 
cross one another. (B) By contrast, processes of Dscam1 mutant cells cross and 
often fasciculate (arrows) with each other (arrows). (C) In wild type, cells of 
different classes of da neurons frequently share the same receptive field. Thus, 
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dendrites of different cells cross one another: (magenta) type I dendritic 
arborization (da) neuron, (green) type III neuron. (D) Ectopic expression of the 
same Dscam1 isoform in type I and type III da neurons promotes repulsion 
between their dendrites, preventing coexistence within a given territory. As a 
consequence, these two cells do not cover the same receptive field (Zipursky 

















Figure1.3. The clustered protocadherin locus 
Schematic of the mouse clustered protocadherin locus. 58 protocadherin 
isoforms are arranged in 3 clusters: 14 Pcdhα, 22 Pcdhβ, and 22 Pcdhγ. These 
three clusters are arranged in tandem with 2 intervening genes, Taf7 and 
Slc25a2 between the Pcdhβ and Pcdhγ clusters. Each cluster is comprised of a 
tandem array of first exons; the Pcdhα αnd Pcdhγ cluster also encode 3 constant 
exons to which the first exons are spliced. The first exons are color coded by 
cluster, red for Pcdhα, green for Pcdhβ, and blue for Pcdhγ. The two different 
shades of blue demarcate two subfamilies of Pcdh isoforms; these subfamilies 
are numbered independently of each other. Additionally, the 5 isoforms that are 
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shaded pink comprise the c-type subfamily of isoforms. Despite being split 
between the Pcdhα and Pcdhγ clusters, the c-type isoforms are more closely 
related to each other than to the other clustered protocadherins. The name of the 
first and last isoform within each cluster/subgroup, is listed in the figure. All 5 c-























Figure1.4. Pcdhα transcription 
Transcripts arising from each TSS extend through the constant exons (con1, 
con2, and con3), and then the first variable exon in the transcript is spliced to the 
constant exons. Mature Pcdhα transcript consists of a variable region and a 
constant region. The variable region consists of a first exon. The constant region 
is comprised of the 3 constant exons. Pcdhα protein consists of 6 cadherin 
ectodomains (EC), a transmembrane region, and an intracellular domain. The 
variable first exon codes for the majority of the protein; the constant exons only 







Figure1.5. Transcriptional hub model for the promoter choice of Pcdhα 
isofroms in the SK-N-SH cells 
(A) 13 tandem, variable first exons (1–13; transcribed ones are shown in blue 
and untranscribed ones in white) and two related c-type ubiquitous first exons (c1 
and c2; shown in yellow). Each of these 15 variable first exons is adjacent to its 
own promoter and is spliced to three downstream constant exons (1–3; shown in 
black). Alternative isoforms of Pcdhα are expressed stochastically, whereas all 
the c-type isoforms are expressed ubiquitously in all cells. The SK-N-SH cells 
depicted here express isoforms 4, 8 and 12. (B) Promoter choice and the 
formation of an active chromatin hub is mediated by CCCTC-binding factor 
	
	64	
(CTCF)–cohesin DNA looping between the distal HS5-1 enhancer and distinct 
promoters at the Pcdhα gene cluster. Individual variable exons or ubiquitous 
exons may be expressed and joined to the three exons from the constant region 
by mRNA splicing. Binding of CTCF to the promoter that precedes individual 
exons is correlated with the level of gene activity. The active promoters are 
distinguished from the inactive ones by an enrichment for histone H3 
trimethylated at lysine 4 (H3K4me3) and a depletion of DNA methylation, which 




















Figure1.6. Model of Pcdh-mediated homotypic recognition 
The model for Pcdh-mediated cell-cell recognition unit based on formation of a 
superstructure defined by promiscuous cis (mediated by EC6) and specific trans 
interactions (mediated by EC1-EC4). The different color code represents different 










Figure1.7. Pcdhγ isofroms are required for dendritic self-avoidance in 
SACs 
(A) Selective deletion of Pcdhγ cluster in the developing retina alters the 
morphology of SACs. Dentrites from the same cell collapse to each other and 
sometimes form loose bundles. (B) Wild-type starburst amacrine cell (SAC) 
processes show little physical overlap to begin with(i). SACs lacking all 22 Pcdhγ 
isoforms are highly fasciculated (iii). The relative overlap between the processes 
of SACs in cells ectopically expressing the same Pcdhγ isoform appears slightly 
reduced compared to wild type. (C) The relative overlap is shown between real 
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images and between images in which one of the two cells is flipped. The overlap 
is greater in the real image in the wild type and Pcdh γ-/- retina than in the 
rotated images, arguing for a positive interaction between processes of the 
different SACs. A reduction in overlap was reported in retinas expressing the 





















Figure1.8. Current model of the olfactory map formation 
(A) OSN axons are target the approximate destinations in the OB by a 
combination of D-V patterning and A-P patterning. D-V axonal projection is 
depends on the anatomical locations of OSNs within the OE. A-P axonal 
projection depend on the levels of cAMP signals induced by OR baseline 
activities. These processes, forming a coarse map topography, are genetically 
programmed and are independent of odor evoked activity. (B) During the 
neonatal period, the map is further refined in an OR-specific and activity-
dependent manner. Glomerular formation occurs via adhesive and repulsive 
interactions of neighboring axons. OE, olfactory epithelium; OB, olfactory bulb 




The Role of Clustered Protocadherins in the Assembly of 




2.1. Overview  
 
 In this chapter I present the results of my thesis research. The 
experiments described were designed in conjunction with Dr. Tom Maniatis and 
Dr. Stavros Lomvardas (Department of Biochemistry and Molecular Biophysics, 
Columbia University). I performed the experiments shown, with the exception of 
the K562 cell aggregation assay in Figure 2.2. performed by Maxime Chevee. 
Sean O'Keeffe performed the computational analysis of all RNA sequencing 
experiments and generated the Circos plot presented in Figures 2.7. Pcdhα-/- 
and Pcdhβ -/- mice were generated by Dr. Weisheng Victor Chen, and the 









2.2.1 Generation and analysis of Pcdh uni-identity OSNs  
In order to address the question of whether non self-recognition between 
individual neurons is required for normal OSN wiring, I developed a genetic 
approach to override endogenous Pcdh diversity in the olfactory system. This 
was accomplished by directing the over-expression of identical sets of clustered 
Pcdh isoforms exclusively in OSNs, thus endowing every OSN with the same cell 
surface Pcdh identity (uni-identity mice).  
 A previous single cell RT-PCR study of Pcdhα gene expression in mouse 
OSNs had shown that mature OSNs (mOSNs) display stochastic expression of 
individual Pcdhα variable isoforms, indistinguishable from that previously 
observed with Purkinje neurons (Hasegawa et al., 2012). In order to identify the 
full repertoire of Pcdh isoforms in OSNs I FACS sorted mature OSNs or OSNs 
that express the MOR28 OR, and performed an RNA seq experiment (Figure 
2.2A). I found that transcripts from all three Pcdh gene clusters (α, β and γ) were 
present in these neurons, having almost identical patterns of the Pcdh isoform 
expression. This suggested two things: 1) that it is likely that Pcdhβ and Pcdhγ 
clusters also contribute to single cell Pcdh mediated diversity in OSNs, and 2) 
that OSNs expressing a specific OR do not express the same Pcdh isoforms. 
Our analysis of published data from previously published single OSN RNA 
sequencing experiments (Saraiva et al., 2015) is consistent with the idea that 
every OSN expresses a unique repertoire of Pcdh (α,β,γ) isoforms (not shown). 
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In addition, the fact that Pcdh expression is independent of OR choice, implied 
that the hundreds of OSN axons that organize to form a glomerulus must also 
express diverse Pcdh isoforms-or different Pcdh “identities”. So, why and how is 
Pcdh diversity required for glomeruli formation? I present below the approach I 
took to address this fundamental question in vivo.  
I generated two lines of “uni-identity” mice that express specific sets of 
distinct Pcdhα, β and γ variable isoforms under the control of a tet-transactivator 
(tTA)-responsive promoter, tetO (Gossen et al., 1995). In this design, a single 
RNA transcript encoding all three isoforms is generated, and each Pcdh coding 
region is separated by a self-cleaving 2A peptide sequence, thus enabling the 
expression of roughly stoichiometric levels of each of the three isoforms in OSNs 
(Kim et al., 2011; Szymczak et al., 2004). The transgenic (Tg) mouse line 
designated UNI1 bears the construct α4-myc-γb7-Tap-β20-v5 in which three full 
length Pcdh isoforms (α, β and γ) bear different epitope tags at their C-termini. 
The second line of Tg mice, hereafter called UNI3, was generated with the 
construct α4-β17-γb1-tTagT, in which a different set of full length, epitope free, 
Pcdh isoforms are co-expressed; in this case with the fluorescence marker tau-
TagT to allow efficient axonal labeling (Figure 2.1A). In order to demonstrate that 
the Pcdhs from the UNI1 and UNI3 constructs are capable of engaging in 
homophilic interactions at the cell surface, they were tested in the K562 cell 
aggregation assay (Figure 2.2C) (Schreiner and Weiner, 2010; Thu et al., 2014).  
The UNI1 and UNI3 mice were crossed with an OMP IRES tTA mouse line 
in which the tTA gene is expressed under the control of the olfactory mature 
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protein (OMP) promoter (Yu et al., 2004). My objective was to produce high 
levels of specific sets of all three (α, β and γ) Pcdh protein isoforms exclusively in 
mature OSNs. This dominant gain of function approach would mask the 
expression of the endogenous Pcdhs, which are expressed at relatively low 
levels in OSNs, and provide a common cell surface Pcdh identity to all OSNs. 
We refer to these transgenic mice as OMPitTA; UNI1 or OMPitTA; UNI3). I 
identified and analyzed mouse lines that express high levels of UNI1 or UNI3 in 
the OE by directly imaging the soma and axonal terminals of OSNs (Figure 
2.1C). As expected, immunohistochemistry (IHC) against the epitope tags myc 
(Pcdhα4), TAP (Pcdhγb7) and v5 (Pcdhβ20) revealed that all three Pcdh 
isoforms co-localized in the soma and axons of OSNs in uni-identity mice (Figure 
2.2Ei-vi).  
 
2.2.2 The absence of normal glomeruli in Pcdh uni-identity mice 
Normally, axons from individual OSNs project across the surface of the 
OB, and converge to foci corresponding to individual glomeruli; these are readily 
visible in whole mount preparations of control OMPitTA; tetO GFP and OMP-
GFP mice (Potter et al., 2001) (Figure 2.1Bi, iii). In these control animals, GFP is 
expressed in all mature OSNs. Strikingly, however, in uni-identity mice normal 
glomeruli could not be observed, even though UNI3 or UNI1 OSN fibers 
projected across the bulb in a manner indistinguishable from those of the controls 
(Figure 2.1Bii, iv).  
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In order to determine whether the uni-identity axons reach the proper cell 
and neuropil layer, I examined coronal sections of the OB. In control mice, OSN 
axons innervate the nerve layer (NL) and then enter the glomerular layer (GL) to 
form spatially distinct glomeruli (revealed here by IHC against GFP and bgal; 
Figure 2.1Di, ii and Figure 2.1Ei, ii). In marked contrast, axon fibers from UNI3+ 
and UNI1+ animals enter the GL but appear highly disorganized compared to 
controls, and they fail to form glomeruli (Figure 2.1Dii and Figure 2.1Eii). 
Consistent with this observation, IHC against vesicular glutamate transporter 2 
(vglut2), a marker of OSN termini (Clowney et al., 2012; Gabellec et al., 2007; 
Honma et al., 2004) also revealed an aberrant projection pattern in both 
OMPitTA; UNI1 and OMPitTA; UNI3 mice (Figure 2.21D).  
My finding that the same defect in the formation of glomeruli occurs in 
both UNI1 and UNI3 mice indicates that the phenotype is not specific to a 
particular combination of Pcdh isoforms. Rather, the failure to form glomeruli is 
the consequence of expressing identical sets of Pcdh isoforms in every OSN. 
Thus, if Pcdhs can mediate self-recognition and self-avoidance as previously 
hypothesized for Pcdhγ (Kostadinov and Sanes, 2015; Lefebvre et al., 2012), I 
hypothesized that the axons of individual OSNs should avoid processes from 
other OSNs, and likely interfere with the normal mechanism of glomeruli 




2.2.3 Pcdh uni-identity disrupts the formation of an olfactory sensory map  
 As mentioned above, a fundamental principle of OSN wiring is that 
individual sensory neurons that express a specific olfactory receptor (OR) project 
to spatially invariant glomeruli, creating a sensory map in the OB (Mombaerts et 
al., 1996; Ressler et al., 1993; Vassar et al., 1994). Thus, I considered whether 
the “targeting” pattern of OSNs expressing the same OR (“like” axons) is affected 
in uni-identity mice. To test that, I crossed both the OMPitTA; UNI mice with mice 
bearing a genetically modified allele of the P2 olfactory receptor, P2 IRES tLacZ, 
with the objective of specifically following the projections of P2 OSNs in the OB 
(Mombaerts et al., 1996). IHC against bgal in coronal sections from control 
animals revealed the presence of an intact P2 glomerulus in the medial region of 
the OB (Figure 2.3Ai-iii). In striking contrast, in uni-identity mice (OMPitTA; UNI1 
and OMPitTA; UNI3) P2 axons fail to converge to form a single glomerulus 
anywhere over the entire surface of the bulb (Figure 2.3A iv-ix). Rather, the 
axons project broadly in a diffuse manner (Figure 2.3B) that persist through out 
the development, suggesting that P2 uni-identity axons have reached their “final” 
destinations in the OB (Figure 2.4A). It is worth noting that despite the dramatic 
effect observed in the uni-identity mice, the P2 uni-identity axons still project to 
approximately wild type-like spatial coordinate along the Dorsal-Ventral (D-V) 
and Anterior-Posterior (A-P) axis on the medial and lateral side of each OB. 
Analogous defects were observed for other subpopulations of OSNs, expressing 
the M71 and MOR28 ORs (Figure 2.4B and Figure 2.4C).   
 These observations show that the loss of Pcdh-mediated identity in 
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individual OSNs (resulting from a dominant gain of a single identity) does not 
prevent mature OSN axons from reaching their approximately normal positions in 
the olfactory bulb. Rather, I propose that as axons expressing the same ORs 
begin to converge on sites of glomeruli formation they inappropriately recognize 
each other as “self” through specific uni-identity Pcdh mediated homophilic 
interactions. This, in turn, results in contact-dependent repulsion, or avoidance, 
between OSN axons and the failure to form glomeruli.  
 
2.2.4 Pcdh ICDs are required for uni-identity dominant gain of function  
The intracellular domains (ICDs) of the Scams have been shown to be 
required for contact-dependent repulsion (Matthews et al., 2007; Zhu et al., 
2006). Given the emerging mechanistic similarities between Dscam and Pcdh 
function, it is possible that Pcdh ICDs play a similar role in self avoidance. 
However, Pcdhs lacking their ICDs retain the ability to engage in homophilic 
interactions in cell based assays (Figure S1C and Shreiner and Weiner, 2010; 
Thu et al. 2014). I therefore carried out experiments to determine whether Pcdh 
ICDs are required for the glomerular phenotype observed in the uni-identity mice. 
To accomplish this, we generated Tg mice bearing an altered version of a UNI1 
construct that expresses ICD-truncated Pcdhα, β and γ protein isoforms 
(hereafter designated UNI ICDΔ) (Figure 3A). Similar to UNI1 and UNI3 mice, 
UNI ICDΔ expression was driven exclusively in mature OSNs, and the 
expression pattern of truncated Pcdh isoforms was similar to that of OMPitTA; 
UNI1 mice (Figure 2.3D and Figure 2.5A, B). As with the full length uni-identity 
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mice OMPitTA-UNI ICDΔ animals were crossed to P2-IRES-tLacZ mice in order 
to analyze P2 OSN projections. IHC staining against TagT in 4 week old mice 
revealed a stronger signal in the NL versus the GL, suggesting that the entry of 
the UNI ICDΔ expressing axons into glomeruli was somewhat delayed (Figure 
2.3Eii). Remarkably, however, the P2 glomeruli appeared normal in the 
OMPitTA-UNI ICDΔ animals (Figure 2.3Bi,iv,v). Thus, in contrast to uni-identity 
mice expressing intact Pcdhs, the UNI ICDΔ axons that exit the NL converge to 
form normal appearing glomeruli. These observations are consistent with the 
possibility that in the absence of intracellular signaling increased affinity due to 
inter-axonal Pcdh-mediated homophilic interactions delays the entry of UNI ICDΔ 
axons into the proper cell and neuropil layer. However, the axons that do enter 
the GL converge and form glomeruli. Thus, unlike the full length Pcdh isoforms, 
Pcdh isoforms lacking intracellular domains fail to trigger the repulsion required 
to prevent glomeruli formation in uni-identity mice. 
In a second line of control experiments, designed to uncouple Pcdh 
homophilic interactions from intracellular signaling, I generated Tg mice that 
express Pcdhα and Pcdhγ ICDs as well the trans membrane and extracellular 
domain 6 (EC6) of Pcdhs. These truncated Pcdh proteins, are unable to engage 
in trans homophilic interactions, since they lack the extracellular domains EC1-
EC5 required for trans-interactions (Weiner et al, 2010; Thu et al. 2014; 
Rubinstein et al. 2015). However, the presence of the EC6 domain presumably 
leads to Pcdh cis dimerization, even in the absence of trans interactions 
(Rubinstein et al. 2015) and recent evidence shows that Pcdh ICDs can mediate 
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cytoplasmic association among Pcdhs from the different clusters (Shonubi et al., 
2015).  As before, expression was induced in mature OSNs (designated as 
OMPitTA-ΑΓ ECDΔ) (Figure 2.3D). As expected, IHC against TagT in coronal 
sections of the OB from OMPitTA-ΑΓ ECDΔ mice revealed intact and wild type 
appearing glomeruli, suggesting that Pcdhα and Pcdγ intracellular domains do 
not function in the absence of homophilic interactions that require the EC1-EC5 
domains (Figure 2.3Eii-iv). 
 
2.2.5 OR specific disruption of glomeruli formation  
In the uni-identity mice studies described above all mature OSNs 
expressed the same set of full length Pcdhα, β and γ isoforms, which led to the 
general absence of glomeruli in the bulb (Figure 2.1 and Figure 2.3). I next 
examined the consequences of overriding normal Pcdh diversity exclusively in 
OSNs expressing a single olfactory receptor (OR) (in this case the MOR28). I 
accomplished this by crossing transgenic mice bearing the UNI3 allele with mice 
bearing the MOR28 IRES CRE and ROSA-ZtTA alleles (Li et al., 2010; Shykind 
et al., 2004). In these strains, cells that encode the MOR28 OR also express Cre, 
which directs loxP-mediated recombination and tTA expression. Thus, the UNI3 
cassette is expressed exclusively in MOR28 neurons (we refer to these mice as 
MOR28-UNI3). As controls I used the same genetic approach to generate mice 
expressing GFP or UNI ICDΔ in MOR28 cells (we refer to these mice as MOR28-
tetOGFP and MOR28-UNI ICDΔ respectively). In order to ensure that the 
majority of MOR28 OSNs express UNI3 (a concern given allelic exclusion in OR 
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choice; (Buck and Axel, 1991; Chess et al., 1994; Ishii et al., 2001), I used mice 
that are homozygous for the MOR28 IRES CRE allele.  Figure 2.5A 
demonstrates that MOR28-UNI3+ axons enter the glomerular layer, they target 
the approximate correct area, but then fail to properly coalesce to form a 
glomerulus. These OSN axons appear to veer off course, and in many cases 
“stray” axons enter neighboring glomeruli, as detected by vglut2 staining (Figure 
2.5Ai-iii). In contrast, tetOGFP and UNI ICDΔ+ axons from control mice form 
glomeruli that apeared indistinguishable from those of wild type controls (Figure 
2.5Aiv-vi and Figure 2.6C).  
Next, I examined the phenotype of animals expressing the same UNI3 
construct but only in a limited number of MOR28 OSNs. I hypothesized that the 
presence of large numbers of wild type MOR28 axons - each with its own Pcdh-
mediated identity would greatly dilute the UNI3+ axons, and in essence rescue 
the mutant phenotype by minimizing the likelihood that MOR28-UNI3 axons will 
encounter each other during development of the olfactory system. Thus, I 
crossed MOR28-UNI3 mice with animals bearing the MOR28-IRES-GFP allele. 
Due to the monogenic and monoallelic expression of OR genes in mouse OSNs 
(Buck and Axel, 1991; Chess et al., 1994; Ishii et al., 2001) mice heterozygote for 
both MOR28 IRES CRE and MOR28 IRES GFP alleles will have MOR28 OSNs 
that are either mutant (UNI3+) or wild type (GFP+) (Figure 2.5B). Indeed, I 
detected a nearly normal glomerulus containing intermingled mutant and wild 
type MOR28 axons. As seen in Figure 2.5B, the many fewer UNI3+ axons enter 
and spread within the MOR28 glomerulus, which is formed by a high number of 
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wild type GFP+ axons. These results suggest that the severity of the 
convergence defect seen in MOR28-UNI3 mice increases as more axons 
expressing a single Pcdh identity attempt to coalesce and form a glomerulus. 
 
2.2.6 Associative olfactory discrimination in Pcdh uni-identity mice 
 Considering the general absence of normal glomeruli in uni-identity mice I 
reasoned that they should display defects in olfactory function. Previous studies 
of mice with altered olfactory circuits, revealed deficits in the discrimination of 
odor mixtures (Fleischmann et al., 2008). I therefore carried out behavioral 
studies to determine whether uni-identity mice can discriminate between mixtures 
of different odor groups.  
 Water-restricted animals were initially trained to sample/lick water from a 
spout in response to an odor (odor 1, conditioned stimulus). Next a go/no-go 
discrimination assay was employed in which the trained mice were randomly 
exposed to the odor 1 or to a novel odor (odor 2, unconditioned stimulus) for 10 
sets (blocks) of 20 trials each (total 200 trials) (Bodyak and Slotnick, 1999). I 
measured the ability of control and uni-identity mice to learn to lick the spout 
repeatedly only in response to odor 1 (which was followed by a water reward 
(go), and to stop licking (no go) in the presence of the novel odor 2. In this case 
licking was not followed by a reward.  
  When 1% (-) carvone was used as odor 1, the control mice discriminated 
with a 75-85 % success rate between odor 1 and a mixture of 0.5% (-) carvone 
and 0.5% (+) carvone (odor 2). By contrast, the uni-identity mice failed to 
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discriminate between these two odors (Figure 2.8A). I then replaced odor 2 with 
air and repeated the test, both control and uni-identity mice were able to detect 
1% (-) carvone (odor 1) (Figure 2.8C). Next I used a mixture of 0.25% butanal 
and 0.25% octanol as odor 1 and asked whether mice can discriminate this 
mixture from 0.25% butanal (odor 2). In contrast to controls, uni-identity mice 
failed to discriminate between the two odor groups (Figure 2.8B). However, when 
0.25% butanal (odor 2) was replaced with air, both mutant and control mice 
detected odor 1 (Figure 2.8D).  
 These data demonstrate that despite the absence of normal glomerular 
structures uni-identity mice are not anosmic; rather, their ability to discriminate 
between odor mixtures was significantly compromised. This could be due to 
either loss of sensitivity and/or defective connectivity between the OSNs and 
their postsynaptic partners in the bulb. 
 
2.2.7 Functional analysis of individual Pcdh gene clusters (α, β or γ) in OSN 
wiring 
 The data presented so far argue strongly for the importance of non self-
discrimination among OSNs expressing a specific receptor, so that their axons 
could converge and form glomeruli in the OB. This prerequisite that under normal 
conditions, axons that organize and “coexist” within a glomerulus must be 
“decorated” differentially by Pcdh proteins. This would minimize the likelihood of 
Pcdh mediated homophilic interaction to occur, and therefore avoiding repulsion. 
This automatically implies that Pcdhs not only do not promote OSN axons to form 
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glomeruli, but instead when they function it compromise it. Thus, it poses the 
question of what is the purpose of OSNs expressing Pcdhs in the first place. To 
address that, I sought to examine whether Pcdh mediated self-recognition is 
required for normal OSN wiring, using a loss of function approach. To accomplish 
this, we analyzed the effects of deleting individual Pcdh gene clusters on OSN 
wiring. I first examined Pcdhγ null mice (Pcdhγ -/-) (Wang et al., 2002c; Weiner et 
al., 2005) (Figure 2.9Aiv). Because these mice die at P0 we focused our analyses 
exclusively on neonates. Normally, the formation of protoglomeruli begins at 
approximately E15 when OSNs project from the epithelium to the bulb (Miller et al., 
2010). By P0 distinct protoglomeruli begin to assemble, setting the stage for the 
formation of the olfactory sensory map. Thus, despite the limitations of postnatal 
lethality of Pcdhγ -/- mice, it was still possible to determine the role of Pcdhs in 
protoglomerular formation. Remarkably, protoglomeruli in Pcdhγ KO mice appear 
normal based on IHC against vglut2 in coronal sections of the OB (Figure 2.10Aiii). 
I conclude that in contrast to retinal SACs and Purkinje cells that require Pcdhγ, 
OSNs from P0 Pcdhγ -/- pups do no show any obvious wiring defect.  
  I next asked whether the Pcdhβ cluster is required for the formation of 
protoglomeruli. Mice lacking the entire Pcdhβ gene cluster were generated as 
described in the material and methods section (Figure 2.9Aiii). Unlike the Pcdhγ -
/- mice, Pcdhβ -/- mice are viable, and display no overt phenotype. Remarkably, 
although Pcdhβ1 is highly expressed in OSNs (Figure 2.2A), Pcdhβ -/- P0 mice 
display normal appearing protoglomeruli (Figure 2.10Aii). 
 Finally, we generated and I analyzed mice lacking the entire Pcdhα cluster 
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(Figure 2.9Aii). Previous studies have shown that in Pcdhα mutant mice OSNs 
form protoglomeruli, although somewhat smaller than those of controls (Hasegawa 
et al., 2008; Hasegawa et al., 2012). As shown in Figure 2.10Αi, I also observed 
minor protoglomerular defects in the Pcdhα cluster deletion mice, similar to those 
previously reported. I conclude that none of the single Pcdh gene cluster deletions 
result in dramatic OSN wiring phenotypes at P0.   
 
2.2.8 Functional redundancy between the Pcdhα, β and γ gene clusters 
 The absence of a protoglomerular phenotype in Pcdhγ -/- and Pcdhβ -/- pups, 
and the subtle phenotype of Pcdhα -/- mice suggests that the clustered Pcdhs may 
play a minor role in OSN wiring, or that there is functional redundancy between 
individual Pcdh gene clusters in the olfactory system. To distinguish between these 
possibilities, mice were generated that lack the entire Pcdh gene cluster (Pcdhαβγ-
/- – tri-cluster deletion. This was technically challenging, due to the size of the 
genomic DNA that spans all three clusters (~1 million base pairs) and to the 
presence of non-Pcdh genes (Slc25a2, Taf7, AK150172 and AK149307) located 
between the Pcdhβ and Pcdhγ gene clusters. In fact, Taf7 deficiency was shown 
previously to lead to pre-implantation lethality (Gegonne et al., 2012). Thus, as 
expected, the Pcdh tri-cluster deletion mice die during early embryonic 
development. To circumvent this problem an attempt was made to rescue the non-
Pcdh mediated lethal phenotype by introducing a bacterial artificial chromosome 
(BAC) bearing the co-deleted genes (BAC Tg) and their putative regulatory 
elements into the Pcdhαβγ -/- genetic background (Figure 2.9Av). This 
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complementation was successful, as homozygous mutants (Pcdhαβγ -/-; BAC) 
were recovered alive at P0, indicating that the BAC Tg rescued the early embryonic 
lethality. These Pcdhαβγ -/-; BAC mice lack voluntary movements, similar, but 
more severe than the phenotype observed with Pcdhγ -/- mice (Lefebvre et al., 
2008; Prasad and Weiner, 2011; Wang et al., 2002c; Weiner et al., 2005).  
 Despite these defects, I found that both the development of the olfactory 
epithelium and the expression of OR genes appear normal in the tri-cluster KO 
mice (Figure 2.11A). However, I was unable to detect normal protoglomerular 
structures in the Pcdhαβγ -/-; BAC P0 pups in the OB (Figure 2.10Aiv-vi and Figure 
2.11Bi-vi). To further examine the affects of deleting the entire Pcdh gene cluster 
on OSN wiring, I crossed Pcdhαβγ -/+; BAC mice with the P2 IRES tLacZ mouse 
line. IHC against vglut2 and bgal in coronal sections of the bulb from Pcdhαβγ -/-; 
BAC; P2itLacZ embryos revealed fewer P2 axons entering the GL, and the 
presence of aberrant appearing protoglomeruli (Figure 2.10B). Remarkably, I 
found that P2 OSNs in these tri-cluster KO embryos projected to their 
approximately normal coordinates in the bulb (Figure 2.10Bv,vi).  
 Comparison of the protoglomerular structures between single Pcdh gene 
cluster KO mice (Pcdhα -/- or Pcdhβ -/- or Pcdhγ -/-) with those of the full cluster 
KO reveals a clear functional redundancy between individual Pcdh gene clusters. 
Mice bearing intact Pcdhα and Pcdhβ, or Pcdhα and Pcdhγ clusters are 
indistinguishable from WT mice, while mice having only the Pcdhβ and Pcdhγ 
clusters display only a mild protoglomerular phenotype. By contrast, mice lacking 
all clustered Pcdh genes (the tri-cluster KO mice) completely fail to form normal 
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protoglomeruli, even though the OSNs expressing the same OR converge to their 
normal coordinates in the bulb. I conclude that the clustered Pcdhs play little, if 
any, role in OSN axonal guidance early in development, but are essential for the 
formation of normal appearing protoglomeruli. 
 
2.2.9 Collapse of axonal arbors in Pcdh tri-cluster deletion mice 
 Considering the role of the Pcdhγ gene cluster in dendritic self avoidance 
in mouse SACs (Lefebvre et al., 2012), it seemed likely that the phenotype 
observed in Pcdhαβγ -/-; BAC mice is due to the lack of axonal self-recognition 
and/or self-avoidance defects in individual OSNs. In order to address this 
possibility I adapted an in utero electroporation protocol for use in the olfactory 
epithelium (Hand and Polleux, 2011). This method allows the visualization of 
single OSNs as they project to the bulb. I electroporated E13.5-E14.5 Pcdhαβγ-
/-; BAC and control littermate embryos with a plasmid encoding the fluorescent 
protein Venus (Figure 2.12Αi). I focused our analysis on mature OSN axons, 
using vglut2 as a marker to distinguish between immature (vglut2-) and mature 
(vglut2+) axons in E19-P0 pups. I compared the number of branch points, the 
total branch length (Cao et al., 2007; Klenoff and Greer, 1998) and the 
distribution of axonal arbors between mutant and control mice. I found that 
mature OSNs in the tri-cluster deletion mice fail to arborize properly, as they 
appeared highly distorted, enlarged and less elaborated compared to OSNs from 
control pups (Figure 2.12B and Figure 2.13A). Specifically, there was a dramatic 
reduction in the number and the length of axonal branches in OSNs of Pcdhαβγ-
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/-; BAC mice compared to wild type (Figure 2.12Ci-ii). In addition, the distribution 
of axonal branches was severely affected in the tri-cluster knockout mice (Figure 
2.12Ciii). In contrast to control neurons that display ‘’open cup’’ shaped axonal 
arbors, pioneer axons of mutant neurons appear to clump and failed to elaborate 
their axonal arbors – suggestive of a self-avoidance phenotype (Figure 2.12B 
and Figure 2.12C). Remarkably, this phenotype resembles the self-avoidance 
defects observed in Dscam1-deficient neurons in the Drosophila (Hummel et al., 
2003; Zhu et al., 2006) 
 These observations definitively reveal an essential role for the clustered 
Pcdhs in regulating axonal arborization of OSNs early in mouse development. I 
propose that the complete absence of Pcdh cell surface identity in tri-cluster 
deletion mice results in the loss of self recognition of individual OSNs. In turn this 
leads to severe clumping of axon termini due to the loss of self-avoidance between 

















Figure 2.1. Absence of normal glomeruli in uni-identity mice 
(A) Schematic showing the genetic strategy used to express the uni-identity 
cassette in all mature OSNs. The transgenes tetO-α4-myc-2A-γb7-Tap-2A-β20-
v5 (UNI1) and tetO-α4-2A- β17-2A-γb1-tauTagT (UNI3) cassettes can be 
activated in all mature OSNs by expression of tTA from the OMP locus. Each of 
the Pcdh protein isoforms in UNI1 is produced with a “tag” (a4-myc, gb7-TAP and 
b20-V5). WPRE represents the Woodchuck Hepatitis Virus Posttranscriptional 
Regulatory Element and hGH pA, human growth hormone polyadenylation signal 
sequence. The UNI-3 cassette produces both the “UNI” proteins and a tau-TagT 
fusion protein to mark the expressing cells. The schematic to the right shows the 
three Pcdhs from UNI1 displayed on the cell surface of OSNs. (B) Whole-mount 
fluorescence microscopy of the dorsal OB in control (i, iii), OMPitTA; UNI1 and 
OMPitTA; UNI3 uni-identity mice (ii-iv). (C) IHC detection of TagT and α4-myc in 
coronal sections through the OE of OMPitTA; UNI3, and OMPitTA; UNI1 mice, 
respectively. (D) IHC against GFP and TagT in a coronal section through the 
medial OB of control (i) and OMPitTA; UNI3 mice (ii). (E) IHC against bgal in a 
coronal section through the medial OB of control (i), and OMPitTA; Uni1 mice (ii). 
Dashed line designates the separation of the nerve layer (NL) and the glomerular 
layer (GL). Analyses were performed on 4 week mice. TagT and bgal are 













Figure 2.2. Protocadherins diversity in olfactory sensory neurons 
(A) Pcdh RNA expression in MOR28 + (top) and OMP+ (bottom) FACS sorted 
OSNs. Both OSN populations displayed almost identical repertoires of Pcdh 
isoforms. Y axis represents normalized reads. (B) IHC detection of GFP (i) and 
all Pcdhα isoforms (ii) and merged signal (iii) in coronal sections through (i) and 
(ii) in the olfactory bulb of Pcdhγ::GFP targeted mice. The dashed circle depicts 
glomeruli (iii). (C) UNI1 or UNI ICDΔ and UNI3 engage in homophilic interactions 
in the K562 cell aggregation assay (Thu et al. 2014). (D) IHC against vglut2 in 
coronal sections through the OB of control (i), OMPitTA; UNI1 (ii), and OMPitTA; 
UNI3 (iii) mice. (E) IHC detection of γb7-Tap (i,iv), β20-V5 (ii) and α4-myc (v) in 
coronal sections through the OE in OMPitTA; UNI1 mice. Merged signal from (i) 
and (ii) is shown in (iii), and from (iv) and (v) in (vi). The dashed circle depicts 
axonal bundles of OSNs (iii,vi) from OMPitTA; UNI1 mice. IHC detection of β20-
V5 (vii), γb7-Tap (viii, xi) and α4-myc (x) in coronal section through the OB in 
OMPitTA; UNI1 mice. Merged signal from (vii) and (viii) is shown in (ix) and from 
(x) and (xi) in (xii). The dashed line designates the separation of the NL and the 















Figure 2.3.  Uni-identity P2 OSNs display defects in axonal convergence 
(A) IHC against and vglut2 in coronal section through the OB in control (i-iii), 
OMPitTA; UNI1; P2 itLacZ (iv-vi) and OMPitTA; UNI3; P2-itLacZ (vii-x) 4 week 
old mice. Each image represents a z-stack. (B) Quantitation of P2 axonal 
distribution of medial and lateral projections in the OB of control (n=9 bulbs), and 
OMPitTA; UNI3 mice (n=6 mutant bulbs). Analyses were performed on 8 week 
old mice. (C) Normally OSNs expressing the same OR (OR1 red, OR2 green) 
are sparsely distributed within the OE, but their axons coalesce into 
stereotypically positioned glomeruli within the OB (left panel). Expression of the 
uni-identity cassette in mature OSNs overrides the normal single cell diversity, 
and disrupts glomeruli formation (right panel). OSNs that express the same OR 
project diffusely to approximately their expected positions, enter the glomerular 
layer, but fail to converge to a single location. (D) Schematic of the genetic 
strategy used to express the UNI ICDΔ truncated Pcdhs in all mature OSNs. (E) 
IHC against bgal, TagT and vglut2 and in a coronal section through the medial 
OB of OMPitTA; UNI ICDΔ mice. The dashed line designates the separation of 
the NL and the GL. bgal is pseudo-colored as green. Arrow depicts the P2 
glomeruli. Each image represents a z-stack.  All sections were counter stained 

















Figure 2.4. Uni-identity OSNs display axonal convergence defects during 
the development of the sensory map 
 
(A) Developmental time course of P2 OSN axons staining by IHC against bgal in 
coronal sections through the OB from control (i-iv) and OMP itTA; UNI3; P2-
itLacZ (v-viii) mice. The dashed line designates the separation of the NL and the 
GL. bgal is pseudo-colored as green. Each image represents a z-stack. All 
sections were counter stained with Dapi (blue). (B) Whole-mount staining of OB 
reveals M71 itGFP OSNs in dorsal axonal projections in control (i, iii) and 
OMPitTA; UNI3 animal (ii & iv). (C) Whole-mount staining of OB reveals MOR28-
GFP OSNs ventral/lateral axonal projections in control (i, ii) and in a OMPitTa; 
UNI3 (iii, iv) animal. Arrows depict stray OSN axons deviating from converging 
















Figure 2.5. OR specific disruption of glomeruli formation  
(A) A schematic showing the genetic strategy used to drive the expression of 
UNI3 and tetOGFP in MOR28 OSNs. A homozygous MOR28 iCRE drives the 
expression of UNI3 (i), while heterozygous MOR28 iCRE drives GFP Tg (iv). IHC 
against vglut2 marks glomeruli (ii) and (v). Merged signal from TagT and vglut2 
are shown in (iii) and from GFP and vlgut2 in (vi). Arrows depict aberrant 
MOR28-UNI3 axons in the bulb (B) A schematic showing the genetic strategy 
used to drive UNI3 in a small population of MOR28 OSNs (i). In the same 
animals wild type MOR28 OSNs are labeled with GFP (ii). Merged signal from 
TagT and GFP are shown in (iii).- Animals were 4 weeks old mice. Each image 



















Figure 2.6. Truncated Pcdhs do not disrupt glomeruli formation 
(A) IHC detection of β20Δ (i,iv), α4Δ (iii) and γb7Δ (v) in coronal sections through 
the OE in OMPitTA; Uni ICDΔ mice. Merged signals from (i) and (ii) is shown in 
(iii) and from (iv) and (v) in (vi). The dashed circle depicts axonal bundles of 
OSNs (iii,vi) of OMPitTA; Uni ICDΔ Tg mice. (B) IHC detection of α4Δ (i,iv) β20Δ 
(ii) and γb7Δ (v) in coronal sections through the OB in OMPitTA; UNI ICDΔ mice. 
Merged signals from (i) and (ii) is are shown in (iii) and from (iv) and (v) in (vi). 
Dashed line designates the separation of NL and the GL. (C) A schematic 
showing the genetic strategy used to drive the expression of UNI ICDΔ in 
MOR28 OSNs(i). IHC against vglut2 marks glomeruli (ii). Merged signal from 
TagT and vglut2 are shown in (iii). Animals were 4 weeks old. (D) Schematic of 
the genetic strategy used to express the Α-Γ ECDΔ Pcdh combinations 
(truncated Pcdhα and Pcdhγ proteins that lack the extracellular domains EC1-
EC5 required for trans-interactions (Weiner et al, 2010; Thu et al. 2014; 
Rubinstein et al. 2015) in all mature OSNs. (E) IHC detection of Pcdhγ ICD (i) in 
coronal sections through the OE in OMPitTA; Α-Γ ECDΔ mice. IHC against TagT 
(ii) and vglut2 (iii) in coronal sections through the OB of control, OMPitTA; Α-Γ 
ECDΔ 4 week old mice. The merged signals from (ii) and (iii) are shown in (iv). 
Dashed line designates the separation of NL and the GL.- Each image 















Figure 2.7. OR expression and the stability of OR choice is unaffected in 
OMP itTA-UNI mice 
(A) RPKM levels for each Ref-seq OR in the mouse genome from FACS sorted 
mature OSNs expressing GFP (i, ii), UNI3 (i) or UNI ICDΔ (ii). External grey ring 
numbers represents relative chromosomal locations of each OR gene. The P2 
(olfr17), M71 (olfr151) and MOR28 (olfr1507) OR genes are depicted with yellow.  
(B) RPKM levels of developmental markers in FACS sorted mature OSNs 
expressing GFP, UNI3 or UNI ICDΔ and immature OSNs (Ngn-GFP). (C) We 
hypothesized that if OR choice is destabilized we should be able to detect more 
than one ORs in OSNs from OMPitTA; UNI1 mice. RNA fluorescence in situ 
hybridization followed by double IHC staining carried out on the OE of OMPitTA; 
UNI1 mice. Using RNA probes against other ORs such as MOR10, MOR83 
(same genomic cluster as MOR28) and MOR256-17 (different genomic cluster 
from MOR28) we asked whether we could detect these transcripts in 
MOR28+/UNI1+ OSNs. We were unable to detect any MOR28+/UNI+ OSNs 
expressing the MOR10 and MOR256-17 ORs (i-iv, ix-xii) in coronal sections of 
the OE in 4 weeks OMPitTA; UNI1 mice. Similarly, the vast majority of 
MOR28+/UNI+ OSNs did not express the MOR83 OR (v-viii). Signals from in situ 
and antibody staining are merged in the last column of panels (iv,viii,xii). MOR28 
expressing UNI1 OSNs are shown with red arrows. Sections are counterstained 



















Figure 2.8. Uni-identity mice display deficits in olfactory discrimination 
(A) Control mice (black) can discriminate between 1% (-) carvone and a mix of 
0.5% (+)/(-) carvone enantiomers. However, OMPitTA; UNI (red) animals fail to 
discriminate (-) carvone from a mix of the enantiomers. (p=0.0045). (B) Similarly, 
OMPitTA; UNI animals fail to discriminate 0.25% butanal / 0.25% octanol from 
0.25% butanal (p=0.0011). (C-D) Both control (black) and OMPitTA; UNI (red) 
animals can detect 1% (-) carvone and 0.25% butanal / 0.25% octanol 
respectively. -The fraction of correct licks in response to rewarded versus 
unrewarded odor is shown.- Animals are considered to be capable of 
discriminating two odors if the fraction of correct licks is ≥ 75%-80% for three 
consecutive trials. For each discrimination task, n≥9 for control (black) and 
























Figure 2.9. Deletion alleles of Pcdh gene clusters   
(A) A schematic diagram of Pcdh gene clusters (i) and the deletion of Pcdhα (ii), 
Pcdhβ (iii), Pcdhγ (iv), or Pcdhαβγ (v) allele. Note there are four non-Pcdh genes 
located in between Pcdhβ and Pcdhγ gene clusters. A BAC transgene carrying 
the non-Pcdh genes was used to rescue the embryonic lethality of Pcdhαβγ -/- 
























Figure 2.10. Pcdh Tri cluster deletion disrupts glomeruli in the OB 
(A) IHC against vglut2 in coronal sections through the anterior OB of Pcdhα-/- (i), 
Pcdhβ-/- (ii), Pcdhγ-/- (iii), wt (iv), Pcdhαβγ +/- (v), Pcdhαβγ -/-; Bac (vi) P0 pups. 
Coronal section of the whole bulb (top) and zoom in (bottom) coronal section 
through the medial part of OB. (B) IHC against bgal and vglut2 in coronal 
sections through the OB of Pcdhαβγ +/-; Bac; P2 itLacZ; (i,iii,v,vii) and Pcdhαβγ -
/-; Bac; P2 itLacZ (ii,iv,vi,viii)  E18-E19 embryos. The dashed line designates the 
separation of the NL and the GL. White arrows depict the P2 protoglomerulus. 
Yellow arrows depict a set of extra aberrant protoglomeruli. - n≥3 per genotype.- 

























Figure 2.11. The Pcdh tri-cluster deletion does not alter the maturation of 
OSNs 
(A) RNA in situ hybridization carried out on OE of control and Pcdhαβγ -/-; BAC 
mouse. Coronal sections of the OE staining against MOR28 (iii,vii), and probed 
with gap43(i,v), olfr15 (ii,vi) and omp (iii,viii) riboprobes. (B) IHC against GFP 
(i,iv) and Vglut2 (ii,v) in coronal sections through the OB of OMP GFP; Pcdhαβγ 
+/-; BAC and Pcdhαβγ -/-; Bac (i-iv) mice. - Each image represents a z-stack. All 




























Figure 2.12. Pcdh Tri cluster deletion disrupts the proper arborization of 
OSNs 
(A) Representation of the in utero electroporation method (i) Osns expressing 
Venus in coronal sections of the OE (ii). (B) IHC against Venus and vglut2 in in 
utero electroporated OSNs from control and Pcdhαβγ -/-; BAC E19-P0 mice (i-iv). 
Each image represents a z-stack. (C) Quantification of the total length (i), the 
number of branch points (ii) and the 2D arbor distribution (iii) of OSNs arbors in 
Pcdhαβγ +/+; BAC, Pcdhαβγ +/-; BAC and Pcdhαβγ -/-; BAC. All sections are 
counterstained with Dapi (blue). (D) Our proposed model: Pcdh mediate self-
recognition in the olfactory system, which is required for the proper arborization 
of OSNs (left). However, as the olfactory sensory map emerges Pcdh isoform 
diversity ensures non self-recognition between “like” OSN axons allowing them to 

















Figure 2.12. Pcdh tri-cluster deletion disrupts the proper arborization of 
OSNs 
(A) IHC against Venus in in utero electroporated OSNs from Pcdhαβγ +/+; BAC 
(i-iii), Pcdhαβγ +/-; BAC (iv-vi) and Pcdhαβγ -/-; BAC (vii-xi) E19-P0 mice.- Each 


























The proper assembly of neural circuits in the developing brain requires 
molecular mechanisms that control interactions between neurites of the same 
neuron (self-recognition), and between neurites of different neurons (non self-
discrimination). The former, is achieved by expression of cell surface molecules 
(e.g. Dscams) that mediate homotypic repulsion. The latter is accomplished by 
the diversity of these surface molecules, which generates a unique code for each 
neuron. Although this role has been clearly demonstrated in Drosophila (Hattori 
et al., 2007), the role of Pcdh diversity in the establishment of proper inter-
neuronal interactions has not been addressed in neuronal types that require 
expression of all three types of clustered Pcdhs.  
Work in Drosophila has revealed that the primary role of these 
fundamental mechanisms is to ensure the proper enervation and effective 
patterning of neurons within their target fields (Zipursky and Grueber, 2013). In 
the case of vertebrates, cell surface diversity is clearly provided by the clustered 
Pcdhs (Thu et al., 2014; Rubinstein, et al. 2015; Yagi, 2012). However, the 
determination of the in vivo function of Pcdhs has proven challenging. The 
clearest insight into Pcdh function with regards to self-recognition were provided 
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by the observation that the Pcdhγ gene cluster is required for dendritic self-
avoidance in mouse SACs and Purkinje cells. However, the rather selective 
phenotype (the majority of neurons appear normal), and the lack of 
understanding of the role of the Pcdhα and Pcdhβ gene clusters in self-
avoidance remained an enigma.   
 
As mentioned earlier, ectopic expression of a single Pcdhγ isoform in 
SACs rescued the self-avoidance phenotype, but only led to a small reduction on 
the dendritic overlap between neighboring SACs (Lefebvre et al., 2012). In 
addition, it did not affect the connectivity of SACs with bipolar and ganglion cells 
(Kostadinov and Sanes, 2015). With respect to the function of the Pcdhα cluster 
in OSN wiring, OSN axons were shown to be capable of forming wild type-
appearing glomeruli in the olfactory bulb of mice in which a single Pcdhα isoform 
was constitutively expressed (Hasegawa et al., 2012). Thus, is not clear how or if 
Pcdh diversity and Pcdh mediated non self-discrimination influences neuronal 
circuit assembly. The fact that both of these studies focused on a single Pcdh 
gene cluster, as is the case with all studies reported thus far, it was not possible 
to understand the contribution if any, of the remaining Pcdh gene clusters (in one 
case Pcdhα and Pcdhβ, and in the other Pcdhβ and Pcdhγ) in the resulting 
phenotypes.  
I took multiple genetic approaches (gain and loss of Pcdh function 
approaches) to investigate the function of the all three Pcdh gene clusters in the 
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olfactory sensory neuron system. These studies have led to several 
fundamentally new insights into the function of Pcdhs, as explained below.  
 
3.2 Loss of OSN non self-discrimination leads to the loss of glomeruli 
Remarkably, in uni-identity mice OSN axons project to their relative 
normal positions in the olfactory bulb according to the choice of OR expression, 
but instead of converging to form glomeruli, they spread in a diffuse pattern in the 
vicinity of the target glomerulus. I believe that this is a consequence of masking 
the endogenous Pcdh diversity (consisting of isoforms from all three Pcdh gene 
clusters), and providing an identical Pcdh identity (α,β,γ) to all mature OSNs. 
This loss of diversity, in turn, results in the failure of individual OSNs to 
distinguish between self and non-self – as all OSNs inappropriately recognize 
each other as self, and thus repel each other. This striking phenotype highlights 
the importance of distinct Pcdh-dependent neuronal identities in vivo. I propose 
that discrimination of non self is required for formation of the olfactory sensory 
map. 
An unexpected feature of both the Dscams and clustered Pcdh systems is 
that homophilic interactions result in repulsion rather than adhesion. Although the 
mechanism of repulsion in these cases is not understood, it likely involves 
intracellular signaling that requires an intact intracellular domain (ICD). In fact, 
previous studies of Drosophila Dscams have shown that the ICD is required for 
contact-dependent repulsion (Matthews et al., 2007; Zhu et al., 2006). If this is 
also true for the Pcdhs, the lack of axonal coalescence of OSN axons observed 
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in uni-identity mice should be due to contact dependent repulsion similar to that 
observed in the Dscam system. Deletion of the ICD in uni-identity mice should 
therefore prevent the uni-identity phenotype. Indeed, I found in UNI ICDΔ+ OSNs 
glomeruli were still able to form. However, it should be noted that in the absence 
of the signaling domain, homotypic interactions may result in higher levels of 
inter-axonal adhesion, which is consistent with my observation that UNI ICDΔ+ 
OSNs delay innervation the glomerular layer (data not shown). This may have 
significant implications, since prevention of splicing to the constant region, -
responsible of encoding Pcdh ICDs, could convert the encoded Pcdhs to 
mediators of homophilic adhesion rather repulsion, in certain cell types. Thus, 
based on my observations I propose that unlike the full length Pcdh isoforms, 
Pcdh isoforms lacking intracellular domains fail to trigger the repulsion required 
to disrupt glomeruli formation in uni-identity mice suggesting that Dscam and 
Pcdh ICD’s perform analogous functions. 
 
3.3 OR-specific disruption of glomeruli formation  
In uni-identity mice all mature OSN axons recognize each other as self 
regardless of the OR they express. Every OSN expresses a single OR, which 
influences the location of the glomerulus in the bulb (Barnea et al., 2004; Chess 
et al., 1994; Ishii et al., 2001; Mombaerts et al., 1996; Ressler et al., 1993; 
Vassar et al., 1994; Vassar et al., 1993; Wang et al., 1998). If the failure to form 
glomeruli in the uni-identity mice is due to inter-axonal repulsion, then expression 
of the uni-identity cassette in an OR autonomous fashion should selectively 
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prevent the formation of glomeruli corresponding to that OR. In addition, the 
magnitude of the phenotype should depend on the level of inter-axonal 
interactions between OSN fibers bearing the same Pcdh mediated identity. 
Remarkably, when the uni-identity cassette was expressed in a large number of 
MOR28 OSNs, their axonal coalescence was disrupted. In contrast, a less 
severe defect was observed among mice in which only few MOR28 OSNs 
expressed the uni-Pcdhs. These observations strongly support the hypothesis 
that the presence of an identical repertoire of functional Pcdh isoforms in all 
OSNs expressing the same OR repel each other, leading to the failure to form 
normal glomeruli. 
The prevailing model of glomerular segregation posits that ORs regulate 
the relative expression of specific adhesive and repulsive molecules, leading to 
the attraction between “like” axons  (axons with the same OR) and repulsion 
between “non like” axons (Nishizumi and Sakano, 2015; Sakano, 2010; Takeuchi 
and Sakano, 2014). If this is the case, I argue that contact-mediated repulsion 
from uni-identity Pcdhs is likely to interfere with the attractive forces between 
“like” OSN axons.    
 
3.4 Uni-identity mice display defective olfactory discrimination behaviors 
Glomeruli are anatomically distinct structures in the brain, and are thought 
to function as units in olfactory information processing, increasing the signal to 
noise ratio. Individual odorants are sensed by combinatorial patterns of 
glomerular activity (Bozza et al., 2004; Rubin and Katz, 1999; Wachowiak and 
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Cohen, 2001). Here I show that uni-identity mice are not anosmic, rather, they 
display significant defects in discriminating between mixtures of odors.  
  A possible scenario is that OSNs in uni-identity mice may have diminished 
sensitivity towards odors at the level of the sensory epithelium. However, I 
showed that uni-identity OSNs can be activated by odorants (based on the 
induction of c-fos expression). Moreover, during the behavioral analysis, uni-
identity mice were able to detect and associate the conditioned odorant or odor 
mixture with a water reward. Thus, these observations argue that OSNs 
expressing the uni-identity cassette are not defective in sensory detection. 
Rather, a more interesting explanation for the behavioral defects, invokes the 
perturbation of neuronal circuits in the olfactory bulb of the uni-identity mice. The 
significant spread of OSN uni+ axons in the olfactory bulb, likely affects the 
spatial representations of odorants in the OB, leading in different or even 
defective bulbar patterns of odor-evoked neural activity in mutant compared to 
control mice. Consequently, one can imagine that such alterations can diminish 
the ability of uni-identity mice to robustly discriminate between mixture of odors. 
Additionally, the absence of distinct glomeruli may decrease the signal to noise 
ratio, thus negatively affecting the discrimination of different odor mixtures. 
Nevertheless, these results suggest that the organization of olfactory axons into 
glomeruli is dispensable for the transmission of odor-evoked information from 
OSNs to their post-synaptic partners; and subsequently to higher olfactory 
centers such as the piriform cortex (Sosulski et al., 2011). Previous work on mice 
with altered olfactory circuits, revealed that behavioral defects in innate behaviors 
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are more profound than the more plastic associative behaviors (Fleischmann et 
al., 2008). Therefore, it would be interesting to ask the question of whether innate 
behaviors such as feeding, mating, freezing or escape, responses essential for 
the survival and reproduction of the organism, are also affected in uni-identity 
mice.  
 
3.5 Pcdhα, β and γ protein isoforms are functionally redundant for OSN 
wiring 
My findings strongly argue that under normal conditions Pcdh-mediated 
diversity makes high levels of homotypic interactions unlikely to occur between 
Pcdh isoforms expressed in different OSN axons. In this way, inter-axonal contact 
mediated repulsion is prevented, which in turn allows OSN expressing a specific 
OR to coalesce and form glomerulus. However, one could argue that the 
coalescence of OSN axons, which depends on number of different mechanisms 
(described in chapter 1), would occur even in the absence of Pcdh isoforms. This 
possibility raises the important question of whether Pcdh function, other than the 
ability to generate cell surface diversity, is also required in OSNs. Alternatively, this 
could be rephrased as: Is Pcdh-mediated self-recognition and self-avoidance 
required for OSN wiring? 
To address that question I employed a loss of function approach, analyzing 
mice in which single individual, or all three Pcdh gene clusters were deleted. 
Studies of Pcdhα null mice identified a subtle defect in OSN projections (Hasegawa 
et al., 2008), as well an alteration in serotonergic wiring (Katori et al., 2009). 
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However, neither study implicated the Pcdhα gene locus in self-recognition and 
self-avoidance. In addition, the role of the Pcdhβ or Pcdhγ gene clusters have not 
been studied in the context of OSNs. I therefore sought to examine the role of both 
individual Pcdh gene clusters as well as the entire cluster in OSN wiring. I found 
that deletion of individual Pcdh gene clusters resulted in either a mild (Pcdhα -/-) 
or no (Pcdhβ -/- or Pcdhγ -/-) OSN wiring phenotype. In striking contrast, normal 
protoglomeruli were not observed in the tri-cluster deletion mice. Remarkably, 
OSN axons expressing a specific OR, formed smaller abnormal appearing 
protoglomeruli at their approximately normal positions in the bulb. Based on these 
observations, it appears that the clustered Pcdhs are not required for OSN axonal 
guidance, and are largely dispensable for axonal coalescence. Nevertheless, 
these surprising results provide strong evidence for a clear functional redundancy 
between Pcdhα, Pcdhβ and Pcdhγ isoforms in the wiring of the olfactory system, 
a significant new insight into Pcdh function. I speculate that this redundancy may 
be a general feature of the Pcdh system in the nervous system. In addition, this 
observation could explain the lack of obvious phenotypes in most neurons in which 
single Pcdh gene clusters have been deleted, which is the case for all of the studies 
thus far published. Unfortunately, due to neonatal lethality of the tri-cluster deletion 
I was unable to address the consequence of this protoglomerular phenotype in the 
establishment of the olfactory sensory map that forms at later developmental 
stages. 
These observations give rise to the question of why does Pcdhα -/- newborn 
mice exhibit a subtle OSN phenotype, while the the Pcdhβ -/- or Pcdhγ -/- do not? 
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I believe that the answer to this question lies partially in discerning which Pcdh 
gene clusters are expressed in other cell types in the olfactory system, which 
interact with OSNs, and in determining whether individual Pcdh clusters display 
distinct functions with respect to: 1) the dependence of OSNs on Pcdhα isoforms 
may be higher than Pcdhβ or Pcdhγ proteins, simply because a larger percentage 
of OSNs may express the Pcdhα gene cluster compared to the Pcdhγ or Pcdhβ 
clusters. 2) Pcdh intracellular signaling may differ between the three gene clusters 
in OSNs. 3) non-cell autonomous effects by the synaptic partners of OSNs, which 
normally express Pcdhα, may exacerbate the OSN  phenotypes (Hasegawa et al., 
2008; Kohmura et al., 1998).  
Moving forward, it it important to use conditional KO or single cell KO 
approaches, in order to distinguish between these possibilities, and to circumvent 
the lethal phenotype of the tri-cluster deletion mice. 
 
3.6 Collapse of axonal arbors in Pcdh tri-cluster deletion mice 
I have shown that the clustered Pcdhs are largely dispensable for the 
projection and convergence of OSN axons in early development. However, they 
are required for the formation of normal appearing protoglomeruli, which raises 
the question of how does the complete loss of Pcdh lead to morphologically 
aberrant protoglomerular structures? I showed that the normal morphology of the 
terminal axonal arbors of OSNs requires the clustered Pcdhs, using an in vivo 
single neuron labeling method. Specifically, I showed that individual OSN axons 
in the tri-cluster deletion mice reach the glomerular layer, but they fail to arborize, 
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and they display severe clumping - a phenotype reminiscent of the axonal self-
avoidance defects observed in Drosophila Dscam1 mutant neurons (Hughes et 
al., 2007; Hummel et al., 2003; Lefebvre et al., 2012; Soba et al., 2007; Zhu et 
al., 2006). Based on morphological analysis of single cell immature or less 
mature OSNs, the defective arborization phenotype appears to be an inability to 
generate arbors that physical separate in space rather than an arbor retraction or 
maintenance phenotype (data not shown). More importantly, my findings argue 
that the morphologically defective protoglomeruli detected by vglut2 staining in 
the olfactory bulb of the tri-cluster deletion mice reflects the inability of individual 
mutant OSN axons to recognize self. This leads to self-avoidance defects and 
the failure to properly arborize within the glomerular layer. Therefore, in contrast 
to the dendritic self-avoidance observed in SACs (Lefebvre et al., 2012), I show 
that Pcdh-dependent self-avoidance is required in axons (and not depended to a 
single gene Pcdhγ cluster). However, due to neonatal lethality of the tri-cluster 
KO mice, I cannot conclude that this arborization phenotype persists in later 
developmental stages, although it seems likely.  
Moreover, I note that in contrast to the Pcdh gain of function experiments, 
where the uni-identity construct is expressed exclusively in OSNs, the tri-cluster 
deletion is not cell-autonomous. Thus, not only the OSNs, but their post synaptic 
partners, such as the mitral/tufted and periglomerular cells, which normally 
express Pcdhs (Hasegawa et al., 2008; Kohmura et al., 1998) are affected in the 
tri-cluster KO mice. I therefore cannot exclude the possibility that non cell-
autonomous effects may contribute to the observed defects in terminal 
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arborization. As mentioned previously, conditional KO studies can address this 
issue, however generating null alleles through traditionally Cre-loxP systems 
would be highly inefficient, due to the enormous size of the entire Pcdh cluster 
(nearly 1 million base pairs of DNA). Alternatively, it would be extremely 
interesting to test whether re-introducing Pcdh isoforms back into OSNs from the 
tri-cluster deletion mice, would rescue OSN arborization phenotype. If individual 
Pcdh gene clusters are truly redundant with respect to Pcdh mediating self–
recognition and self-avoidance in OSN axons, re-introducing a single isoform in 
OSNs (as long as it can reach the cell surface) should be able to restore normal 
axonal branching.  
 Based on all the results presented here, I conclude that the clustered 
Pcdhs play a fundamental role in OSN wiring in mice. I propose that Pcdh-
mediated self-recognition and discrimination of non self, are necessary features 
for OSN axons to first arborize and then efficiently converge and coexist in a 
glomerulus. The phenotype observed in the uni-identity mice is consistent with 
inappropriate self-avoidance of OSN axons that display a common Pcdh 
mediated identity, while the loss of function phenotype, in the tri-cluster deletion 
mice is consistent with a defect in self-recognition of individual OSNs. Finally, the 
functional redundancy between individual Pcdh gene clusters reported here 
reveals a previously unexpected level of complexity in the expression and neuron 







Figure 3.1. Pcdhs are required for self-recognition and self-avoidacne in 
olfactory neurons 
My proposed model predicts that Pcdhs are required for axonal self-recognition 
and self-avoidance in each individual pioneer olfactory neuron. Under normal 
conditions Pcdh isoforms create “recognition units” in axons and growth cones of 
OSNs. I propose that the contact mediated repulsion as a result of homophilic 
interactions between matching Pcdh isoforms located in emerging “sister” arbors. 
In turn this promotes their physical separation in space during the arborization of 
OSNs (left). By contrast in the complete absence of Pcdh genes, emerging 






Figure 3.2. Pcdhs mediated diversity is required for glomeruli formation in 
the olfactory bulb. 
During the first postnatal week large number of OSN axons converge to form 
glomeruli in the olfactory bulb. I propose that in wild type animals OSNs with the 
same OR, stochastically express random sets of Pcdh isoforms, located as 
oligomeres in axons. The high level of molecular diversity ensures that “like” 
axons, bear mismatched Pcdh isoforms and thus, not interfering with their 
convergence to form a glomerulus (left). However, in the extreme case in which a 
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single dominant Pcdh identity is imposed upon “like” axons, as they begin to 
converge on sites of glomeruli formation they inappropriately recognize each 
other as “self” through specific uni-identity Pcdh mediated hemophilic 
interactions. This results in contact-dependent repulsion, or avoidance, between 
































































































































































































































































































































































































































































































Relevant results that were not included in the chapter 2.  
In addition to the work I presented in my dissertation, which has been 
recently submitted for publication, I have also performed several other 
experiments that were not included in the submitted manuscript. In the following 
pages I will be presenting the most important and relevant to this project results, 
aiming to provide a better understanding of the role of Pcdhs in the assembly of 
mammalian olfactory neural circuits. 
  
 
1. The uni-identity phenotype is reversible   
The olfactory epithelium is capable of regenerating over the lifetime of the 
animal (Graziadei and Graziadei, 1979; Mackay-Sim and Kittel, 1991; Smart, 
1971) and the normal turn over of an OSN is roughly 85 days (Gogos et al., 
2000; Tsai and Barnea, 2014). Remarkably, during adult life newly generated 
OSNs are capable of converging on the right glomerular targets hence, 
maintaining the precise olfactory topographic map established during the first two 
weeks after birth (Ma et al., 2014; Tsai and Barnea, 2014). I have presented in 
chapter 2 that in the extreme case where every mature OSN express the same 
Pcdh repertoire, their axons fail to organize in glomeruli in the OB (Figure 2.1 and 
Figure 2.3). I next wanted to determine whether this phenotype is reversible. 
Specifically, can newly generated OSNs with normal stochastic Pcdh repertoire, 
coalesce and form glomeruli in uni-identity mice in which all OSNs expressed 
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UNI during development. To test that I took 2months old OMPitTA; UNI3; P2 
itLacZ mice in which all mature OSN expressed the UNI3 construct (Figure 2.3), 
and administrated doxycycline for 6 months in order to silence the tetO promoter 
and consequently the UNI expression. Due to OSN turn over, in 8 months old 
adult mice most of OSNs never expressed UNI. Not surprisingly, IHC against 
bgal in coronal sections from 8 months OMPitTA; UNI3; P2 itLacZ mice revealed 
that P2 axons converged and formed a glomerulus in the medial region of the 
OB, suggesting that the self-organization capability of OSNs was largely 













Appendix 1. The uni-identity phenotype can be reversed 
(A) Schematic showing a timeline of DOX administration strategy used in order to 
silence the expression the uni-identity cassette in all mature OSNs. IHC against 
and vglut2 in coronal section through the OB in OMPitTA; UNI3; P2 itLacZ 8 
month old mice. Each image represents a z-stack. Dashed line designates the 
separation of the NL and the GL. bgal is pseudo-colored green. All sections are 




2. OSNs expressing a single Pcdh isoform does not display projection 
defects (preliminary data)   
 I carried out experiments to determine whether all three types of Pcdh 
isoforms are required to generate the uni-idenity phenotype. I generated three 
different transgenic mouse strains, each one expressing a single Pcdh isoform 
under the control of the tetO promoter, which was followed using the fluorescent 
protein tauTagT (Appendix 2). I used the specific individual Pcdhα, β and γ 
isoforms used in UNI1, but only one at a time (Figure 1A). It is important to note 
that all are capable of engaging in homophilic interactions at the cell surface 
when they were tested in K562 cell aggregation assay (Figure S1C) (Schreiner 
and Weiner, 2010; Thu et al., 2014). Three types of transgenic mice where 
generated teto-γb7:TAP-2A-tauTagT (hereafter Monoγb7), teto-α4:myc-2A-
tauTagT (hereafter Monoα4) and teto-β20-2A-tauTagT (hereafter Monoβ20). All 
these lines where crossed to OMP; tTA mice, and founders that express the 
highest level of Pcdhs in the OE were selected. Remarkably, expression of a 
single Pcdhγ isoform in OSNs of the OMPitTA; Monoγb7 mice had no significant 
effect on glomeruli formation, as detected in a whole mount dorsal view of the OB 
(Appendix 2B), which was indistinguishable from control mice.  In addition, IHC 
against TagT in coronal section of the OB in OMPitTA; Monoγb7 mice revealed 
intact and normal looking glolmeruli. It is important to note that the expression 
pattern of Pcdhγb7 in the OMPitTA-Monogb7 mice was identical to that of the 
OMPitTA; UNI mice (Appendix 2B and Figure 2.2E).  In both cases the protein 
was predominantly detected at the soma, axons and axon termini (glomeruli) of 
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OSNs. Following P2 OSNs in these mice revealed that P2 axons coalesce to 
form glomeruli that appear to be indistinguishable from wild type mice (Appendix 
2 Diii-v). The vlgut2 staining was also indistinguishable from that observed in 
control mice. Similarly, when I expressed a single Pcdhβ in mature OSNs, I 
observed relatively normal appearing glomeruli (Appendix 2Ei-iii). For the case of 
Monoγb7 and Monoβ20 multiple transgenic founders where obtain. However, I 
only obtained transgenic two Monoα4 founders. In Appendix 2Eiv-vi preliminary 
data from one of the two founders is depicted.  As with Pcdhγb7, the exogenous 
Pcdhβ or Pcdhα (preliminary data) isoforms displayed a relative normal 
localization pattern (data not shown).  I note that the preliminary findings with the 
OMPitTA; Monoα mice are consistent with a previous report showing that the 
constitutive expression of a single Pcdhα isoform in a wild type background of 
Pcdhβ and γ does not prevent OSN axons from coalescing to form normal 






Appendix 2. OSNs expressing a single Pcdh isoform do not display 
projections defects 
(A) Schematic of the genetic strategy to express Pcdhγb7 and tau TagT in all 
mature OSNs. (B) Whole-mount fluorescence of the dorsal OB in OMPitTA-
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Monoγ mice. TagT is pseudo-colored as green. (C) IHC detection of Pcdhγb7-HA 
in coronal sections through the olfactory epithelium of OMPitTA-Monoγ trangenic 
mice. The dashed circle depicts axonal bundles of OSNs. (D) IHC against TagT 
(i, iv), vglut2 (ii, v), and βgal (ii, iv) in coronal section through the OB of OMPitTA-
Monoγ mice. (E) Schematic of the genetic strategy used to express Pcdhβ20 or 
Pcdhα4 and tau::TagT in all mature OSNs. IHC against TagT (i, iii, iv, vi) and 
vglut2 (ii, iii, v, vi) in coronal sections through the OB of OMPitTA-Monoβ and 















3. Uni-idenity Pcdhs overtake OSN axons 
Remarkably, expression of a single Pcdh isoform in every single mature 
OSN does not affect the ability of OSN axons to form glomeruli (Appendix 2). I 
speculate that the normal OSN projection observed in these cases may be a 
consequence of two factors. First, the single isoform being heterologous 
expressed in OSNs may interact with the endogenous Pcdh isoforms, which we 
know that are diverse between individual OSNs. In such a scenario, the resulting 
multiprotein Pcdh complexes formed and transported in the OSN axons will differ 
between neurons, thus maintaining a level of Pcdh diversity, which can still be 
sufficient to endow each OSN with a unique Pcdh identity. Therefore, the 
likelihood that OSN axons with exactly the same Pcdhs, encounter and repel 
each other during glomeruli formation will be low.  An alternative, but not mutually 
exclusive possibility is that intracellular signaling requires stoichiometric levels of 
Pcdhs from more than one Pcdh gene cluster to generate the uni-identity 
phenotype. 
To test the first scenario, I investigated the relationship between 
endogenous and exogenous Pcdhs in mono and uni-idenity mice. This was 
accomplished by crossing both OMPitTA-Monoγ and OMPitTA-UNI1 with mice 
bearing the Pcdγ::GFP allele. Thus, the endogenous Pcdhγ proteins can be 
distinguished from the exogenous isoforms by detecting GFP.  Remarkably, I 
found that the localization pattern of the endogenous Pcdhγ significantly differs 
between the OMPitTA; UNI1 and OMPitTA; Monoγb7 mice. In OMPitTA; 
Monoγb7 mice Pcdh isoforms are mostly distributed in OSN axons and axon 
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termini, similar to that observed in uni-identity mice (Appendix 2C and Figure 
2.2E). However, in OMPitTA; UNI1 mice the exogenous Pcdhs are overtaken in 
OSN axons compared to endogenous Pcdh isoforms, with the latter being mostly 
retained in the soma (yellow arrows Appendix 4Aiii-iv). In order to address 
whether the cellular localization of endogenous Pcdhα were also affected in uni-
identity mice, we crossed the OMPitTA; UNI1 mice with mice in which all 
endogenous Pcdhα isoforms bear a fluorescent mCherry tag at their C-termini. 
As expected, endogenous Pcdhα proteins were also restricted to the soma of 
OSNs in OMPitTA; UNI1 mice (Figure S4B i-ii), similar to what I observed with 
OMPitTA; UNI1; Pcdhγ::GFP animals. These results provide evidence that Pcdh 
diversity may be largely maintained at the level of OSN axons in “Monos” mice, 
therefore not intervening with their coalescing to a glomerulus. Unfortunately, 
because the intracellular cascade of how Pcdhs mediates repulsion is completely 














Appendix 3. uni-idenity Pcdhs overtake OSN axons      
(A) IHC detection of endogenous Pcdhγ-GFP and exogenous Pcdhγb7-Ha in 
coronal sections through the olfactory epithelium of OMPitTA; Monoγ; 
Pcdhγ::GFP (i-ii) and OMPitTA; UNI1; Pcdhγ::GFP (iii-iv) mice. (B) IHC detection 
of endogenous mcherry in coronal sections through the olfactory epithelium of 
control and OMPitTA-UNI1; Pcdhα::mcherry mice - yellow arrows depict the 
absence of endogenous Pcdhs from OSN axons in OMPitTA; UNI1 mice. White 
arrows depict the presense of endogenous Pcdhγ (Ai) and Pcdhα (Bi). Dashed 
line dashed lines indicate the basal lamina of olfactory mucosa. All sections are 








4. c-fos expression upon exposure with 10% Hexanal  
The behavioral data presented in chapter 2 (Figure 2.8C and Figure 2.8D) 
strongly suggest that uni-identity mice are not anosmic. In order further examine 
whether OSNs in uni-identity mice are able to recognize and get activated by 
odorants, we examined the expression of c-fos in which is an indirect marker of 
neuronal activity (Morgan and Curran, 1991). I administrated 10% Hexanal in 
freely moving animals for 30-45 min, harvest their OE and IHC against c-fos. As 
expected OSN c-fos expression was significantly unregulated in OMPitTA; UNI1 
mice that were exposed to the odorant, compared to control mutants that were 
not (Appendix 4). This observation is consistent with previous evidence 
presented in chapter 2 (Figure 2.7) that expression of UNI construct in OSNs 















Appendix 4. OSN c-fos expression is upregulated in uni-identity mice, upon 
exposure with 10% Hexanal. 
(A) IHC against c-fos and α4-myc in coronal sections through the OE of 
OMPitTA; UNI31 adult mice after been exposed to 10% Hexanal diluted in 
mineral oil (i-iii) or just to mineral oil (iv-vi). All sections are counterstained with 
Dapi (blue). 
